UNCLASSIFIED 


AD  NUMBER 

AD813590 

NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Critical 
Technology;  Nov  1966.  Other  requests  shall 
be  referred  to  Air  Force  Materials  Lab., 
Metals  and  Ceramics  Div.,  Wright -Patterson 
AFB,  OH  45433. 

AUTHORITY 

Air  Force  Materials  Lab  ltr,  29  mar  1972 


THIS  PAGE  IS  UNCLASSIFIED 


AD  813590 


AF«l-TR-IS-4QT 

PART  II 


DEVELOPMENT  OF  DISPERSION  STRENGTHENED 
TUNGSTEN  BASE  ALLOYS 


HEINZ  G.  SELL,  WILLIAM  R.  MJRCOM, 
and  GEORGE  W.  KING 

WtSilnchousc  Lamp  Division 
Bloomfield,  N.J. 


TECHNICAL  REPORT  AFML-TR-B5-401,  PART  II 
NOVEMBER,  1966 


This  document  is  subject  to  special  export  controls  and  each  transmittal  to  foreign 
governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  metals  and 
Ceramics  Division,  Air  Force  Materials  Laboratory,  Wrighl-Patterson  Air  Force  Bose, 
Ohio  45433. 


Air  Fere*  Material*  Laboratory 
Research  and  Technology  Division 
Air  Foret  Sy stain*  Oommand 
Wrlgtit-Pattwsoit  Air  Fare#  Bata,  Ohio 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  ore  used  for  any  purpose  other  than  in 
connection  with  a  definitely  related  Government  procurement  operation,  the  United  States  Government 
thereby  incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the  fact  that  the  Government  may 
have  formulated,  furnished,  or  in  any  woy  rupplied  the  said  drawings,  specifications,  or  other  data, 
is  not  to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented 
invention  that  may  in  any  way  be  related  thereto. 


Copies  of  this  report  should  not  be  returned  to  the  Research  and  Technology  Division  unless  re- 
turn  is  required  by  security  considerations,  contractual  obligations,  or  notice  on  a  specific  document. 


FOREWORD 


This  report  was  prepared  by  members  of  the  scientific  staff 
of  the  Metals  Research  Section  of  the  Lamp  Division  of  Westing- 
house  Electric  Corporation,  under  USAF  Contract  No.  33(6l5)-16Q8. 

The  contract  was  initiated  under  Project  No.  7351,  "Metallic 
Materials",  Task  No.  735101,  "Refractory  Metals".  The  project 
was  administered  under  the  direction  of  the  Air  Force  Materials 
Lab.,  Research  and  Technology  Division,  Air  Force  Systems  Command, 
with  Mr.  J.  T.  Gow  as  project  engineer.  This  report  presents  the 
results  of  research  and  development  conducted  during  the  period 
from  May  1,  1965,  through  April  30,  1966. 

The  authors  of  this  report  have  been  engaged  in  the  various 
programs  of  the  conti’act  as  follows: 

Project  Manager  -  H.  G.  Sell 

Preparation,  Fabrication,  and  Characterization 

of  Experimental  Alloys  -  W.  R.  Morcom 

Thermo-Mechanical  Characterisation  of  a  Westing- 

house  High  Strength  W-3.8  v/o  Th02  Alloy  (ihDW-WHS)  -  G.  W.  King 

The  authors  wish  to  thank  Drs.  N.  F.  Cerulli  and  Lui  Wei  for 
analytical  support  and  Messrs.  R.  K.  Courtney,  J.  J.  Corcoran, 

R.  P.  Watson,  R.  E.  Bednarz,  and  W.  R.  Wheatley  for  valuable 
assistance. 

The  Dynapak  extrusions  were  carried  out  at  the  Westinghouse 
Astronuclear  Laboratories  under  the  direction  of  R.  Begley,  and 
the  large  size  extrusion  billets  were  hot  compacted  at  Aerospace 
Corporation,  El  Segundo,  California,  under  the  direction  of 
Dr.  J.  White.  A  variety  of  W-Re-Th02  alloy  samples  were  supplied 
by  Chase  Brass  and  Copper  Company,  Waterbury,  Connecticut.  The 
authors  gratefully  acknowledge  these  contributions. 

This  technical  documentary  report  has  been  reviewed  and  is 
approved. 

The  manuscript  was  released  by  the  authors  November,  1966, 
for  publication  as  an  AFML  Technical  Report, 


I.  Perlmutter 


Chief,  Metals  Branch 
Metals  and  Ceramics  Division 


AF  Materials  Laboratory 


ABSTRACT 


The  mechanical  properties  of  a  W-3.8  v/o  ThC>2  alloy  with 
superior  high  temperature  tensile  and  creep  strength  have  been 
determined  from  room  temperature  to  3000°C.  This  alloy  has 
been  produced  by  two  separate  techniques  in  rod  form.  The 
alloy  has  been  found  to  exhibit  a  tensile  strength  a3  high  as 
12,500  PSI  at  2400°C  and  at  a  strain  rate  of  0.05  min-^  and  a 
1  hour  creep  rupture  strength  as  high  as  12,500  PSI  at  2200°C, 
The  DBTT  of  this  alloy  annealed  at  2400°c  for  1/2  hour  is 
190PC. 

Four  experimental  W-5.7  v/o  Th02  alloys  have  been  pro¬ 
duced  to  investigate  the  effects  of  chemical  processing  para¬ 
meters  on  dlsporsoid  distribution  and  strength  properties. 

The  high  temperature  strength  properties  have  been  essenti¬ 
ally  reproduced  in  alloys  in  which  the  thoria  dispersion  was 
added  to  tungsten  oxide.  In  those  alloys  in  which  the  thoria 
dispersion  was  added  to  the  metal  powder,  the  strength  Improve¬ 
ments  were  much  smaller. 

Substructures  and  dlspersold  distributions  have  been  ex¬ 
tensively  studied  by  electron  transmission  microscopy  and  by 
various  replication  techniques.  In  the  3uperiod  strength 
Vf-ThC>2  alloys,  the  thoria  dispersed  second  phase  contains  a 
high  fraction  of  particles  having  diameters  smaller  than 
lOOoA.  The  thoria  distribution  is  very  stable  and  effects 
the  retention  of  a  polygonized  substructure  to  2800°C. 

A  high  temperature  strength  evaluation  was  also  made  on 
W-Re-3.8  v/o  Th02  alloys  having  5>  10,  15  and  25  w/o  Re  con¬ 
centration.  These  alloys  have  significantly  lower-  strength 
above  2000°C  than  the  ThDW-WHS  (W-3.8  v/o  ThC>2)  alloy. 

This  abstract  is  subject  to  special  export  controls  and 
each  transmittal  to  foreign  governments  or  foreign  nationals 
may  be  made  only  with  prior  approval  of  Metals  and  Ceramics 
Division,  Air  Force  Materials  Laboratory,  Wright -Patterson 
Air  Force  Base,  Ohio  45433. 
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I.  INTRODUCTION 


In  the  high  temperature  materials  development  field,  it  does 
not  often  occur  that  one  can  report  about  the  successful  develop¬ 
ment  of  a  vastly  Improved  material.  This  is  the  favorable  posi¬ 
tion  in  which  the  authors  of  this  report  find  themselves  in  regard 
to  the  alloy  W-3.8  v/o  Th02  (in  preceding  progress  reports  referred 
to  as  Westinghouse-Special  alloy  but  from  hereon  designated  ThDW- 
WHS  alloy — thoria  doped  tungsten,  Westinghouse  high  strength  alloy). 
As  the  substantial  amount  of  information  on  high  temperature  ten¬ 
sile  and  creep  strength,  low  temperature  ductility,  and  other  met¬ 
allurgical  properties  contained  in  this  report  will  3how,  this 
specific  W-3.8  v/o  Th02  alloy,  as  well  as  alloys  similarly  produced 
on  an  experimental  basis,  have  reproducibly  superior  high  tempera¬ 
ture  strength  characteristics  to  those  of  any  other  currently 
available  tungsten  base  alloy  or  pure  tungsten. 

That  a  W-Th02  alloy  could  be  made  with  very  favorable  high 
temperature  mechanical  properties  was  already  demonstrated  under 
the  preceding  contract  (AFML-TR-65-407,  Part  I — subsequently  re¬ 
ferred  to  as  Ref.  1)  from  results  on  11  different  alloy  systems, 
including  W-Th02,  which  were  investigated  on  a  screening  basis. 

The  fact  that  this  should  be  possible,  was  indicated  during  several 
earlier  development  efforts  (2,  3);  however,  these  efforts  achieved 
only  marginal  success. 

At  the  closing  of  the  last  contract  period,  two  of  the  11 
alloy  systems  were  chosen  for  further  development  work.  The 
first  choice  was  the  W-Th02  alloy  for  the  reasons  given  above. 

The  second  choice  was  the  system  W-Re-Th02  from  the  viewpoints 
of  Improved  low  temperature  ductility  (4)  and  potential  high 
temperature  strength . 

The  Immediate  effort  that  was  required  at  the  beginning  of 
the  contract  differed  for  the  two  alloys.  In  the  case  of  the 
W -11102  alloy,  previous  contract  results  had  shown  that  hot  press¬ 
ing  of  blends  of  elemental  powders  did  not  present  the  optimum 
method  of  consolidating  a  billet  with  a  fine  and  mechanically 
effective  dispersion.  It  was  Initially  assumed  that  the  lower 
temperature  required  for  consolidation  by  hot  pressing  would 
help  to  retain  a  finer  dispersion.  However,  electron  transmission 
microscopy  revealed  various  degrees  of  agglomeration  depending  on 
powder  contamination  and  heat  treatment  after  pressing.  In  the 
course  of  this  evaluation,  the  observation  was  made  that  H2  self- 
resistance  sintered  and  swaged  ingots  produced  from  a  certain 
alloy  powder  prepared  by  the  Lamp  Division's  Engineering  Depart¬ 
ment,  had  retained  a  fine  dispersion  which  imparted  significant 
strength  Improvements. 
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The  problem  reverted  thus  back  to  the  powder  Itself  and, 
specifically,  to  its  chemical  preparation.  Therefore,  four 
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method  in  which  the  thorla  was  chemically  introduced,  and  the 
mechanical  properties  were  compared  with  those  of  the  engineer¬ 
ing  material  (ThDW-KfTS) .  The  alloys  were  consolidated  by  self¬ 
resistance  sintering  and  by  hot  compaction.  Fabrication  was 
accomplished  by  extrusion  and  swaging. 


In  the  case  of  the  W-Re-Th02  alloy,  the  problem  faced  at 
this  laboratory  was  poor  fabricability  in  that  swaging  of  die 
pressed  and  high  temperature  sintered  Ingots  was  only  margin¬ 
ally  successful.  Additional  attempts  were  made  to  swage  W-5£> 
and  10^1  Re  alloys  with  a  2  w/o  Th02  dispersion  but  again  with 
very  poor  yield.  This  experience  differed  from  that  of  the 
Chase  Brass  and  Copper  Company  where  fabrication  of  these 
alloys  from  sintered  ingots  was  successfully  accomplished. 

Alloy  rods  of  the  desired  compositions  were  made  available 
and  included  in  the  evaluation  by  courtesy  of  the  Chase  Brass 
and  Copper  Company. 

Evaluations  of  the  two  alloy  systems  were  primarily  made 
with  respect  to  high  temperature  tensile  properties  and  dis¬ 
persion  characteristics.  For  the  high  strength  alloy  ThDW-WHS, 
the  ductile  brittle  transition  temperature  (DBTT) ,  the  creep 
properties,  and  the  recovery  behavior  were  also  determined  in 
considerable  detail.  In  all  evaluations,  various  techniques 
of  electron  microscopy  were  extensively  employed.  The  results 
were  correlated  with  existing  theories  of  dispersion  strength¬ 
ening  and  reasonable  agreement  was  obtained  with  equations  de¬ 
rived  from  the  Orcwan  mechanism  as  modified  by  Kelly,  et.al.  (5)« 
The  work  hardening  characteristics  of  the  W-ThC>2  alloys  were 
found  to  be  in  qualitative  agreement  with  the  theory  of  Fisher, 
et ,al .  (6 ) , 

In  the  final  analysis,  the  strongest  high  temperature  alloy 
is  shown  to  be  the  engineering  material  (ThEW-WHS)  which  repro- 
ducibly  demonstrates  in  the  annealed  condition  (1/2  hour,  2400oC) 
a  tensile  strengths  5  times  that  of  pure  tungsten  at  2400° C 
tested  at  a  strain  rate  of  0.05  min-1  and  a  1  hour  creep  rupture 
strength  at  2200° C  of  12500  FSI.  Two  of  the  experimental 
Vi -Th02  alloys  exhibited  equivalent  tensile  properties.  Future 
efforts  required  for  the  development  of  sheet  fabrication  meth¬ 
ods  for  this  alloy  are  outlined  in  the  summary  of  this  report. 


II.  V-Th02  Alloys 


The  effect  of  a  thoria  dispersion  on  the  mechanical  prop¬ 
erties  and  structural  stability  of  tungsten  was  reported  by 
Jeffries  as  early  as  1$24  (7).  In  recent  years,  a  great  deal 
of  effort  has  been  made  to  utilize  d.ispersoids  In  other  metals 
to  Improve  high  temperature  strength.  Notable  success  has  been 
achieved,  in  some  instances,  with  TD-nickel  (Ni-2  v/o  TI1O2 )  as 
one  of  the  most  outstanding  examples  (8). 

The  present  research  program  was  directed  towards  the  de¬ 
velopment  of  a  tungsten  base  dispersed  second  phase  alloy  with 
superior  high  strength  properties  above  0.5  Tm  and  with  low 
temperature  ductility  at  least  comparable  to  that  of  pure 
tungsten. 

One  primary  objective  of  the  present  work  has  been  the  de¬ 
tailed  characterization  of  the  most  promising  alloy,  ThDW-WHS. 
Such  characterization  has  been  performed  with  respect  to  par¬ 
ticle  size  and  distribution,  recovery,  and  mechanical  properties. 

In  addition,  since  the  chemical  approach  to  dispersing  the 
second  phase  proved  more  rewarding  than  the  mechanical  technique 
(milling),  a  second  major  objective  has  been  to  Investigate  sev¬ 
eral  chemical  dispersion  techniques.  To  this  end  four  W-Th02 
alloys  were  prepared  by  new  techniques  chosen  also  to  produce 
very  fine  dispersions.  In  all  four  alloys,  the  Th02  was  added 
to  the  matrix  tungsten  or  tungsten  oxide  as  a  Th(N0^)4  solution. 
The  concentration  of  Th02  was  selected  to  be  5.7  v/o,  l.e., 
between  the  two  levels  previously  used  (1).  This  "compromise" 
concentration  was  chosen  with  the  hope  of  further  Improving  the 
strength  of  the  3.8  v/o  alloy,  but  reducing  the  fabrication 
difficulties  encountered  with  the  6,5  v/o  alloy  (1).  Per  the 
consolidation  of  these  alloys,  hot  pressing  was  still  used  as 
a  standard  method,  but  in  one  alloy  (ThEW-2)  a  second  method, 
self-resi3tance  sintering,  was  also  employed. 

For  the  purpose  of  scale-up,  2.25  in.  diameter  billets 
were  hot  pressed  at  Aerospace  Inc.  and  were  conventionally  ex¬ 
truded  at  the  WPAFB  facility.  Three  of  the  alloys  processed 
in  this  fashion  were  also  produced  in  the  smaller  billet  3lze 
(1.25  In.  diameter)  and  processed  by  high  rate  extrusion. 

Finally,  the  effect  of  swaging  temperatures  on  rods  of  less 
than  0.400  in.  wa3  Investigated  to  some  extent  in  two  of  the 
alloys . 


A.  Preparation  of  Alloys 

1,  Dispersion  Techniques 

The  techniques  emoloyed  to  incorporate  the  Th02  disper- 
soid  into  the  base  powders  are  described  below: 

ThDW-WHS  (3‘S  v/o  ThO?)  -  The  starting  material  for  this 
alloy  is  amiiioffium  ‘paratuhgataW  (APT)  of  high  purity.  A  typical 
analysis  is  reported  in  Table  1.  The  APT  is  converted  to  tung¬ 
sten  oxide  at  about  600° C  in  nitrogen  or  in  air.  The  oxide 
formed  in  nitrogen  is  blue  (approximate  formula  W2QO59)  whereas 
a  yellow  oxide  IWO3)  forms  in  air.  Mixtures  of  the  two  oxides 
can  be  employed.  The  oxide  powders  are  loaded  into  a  twin  shell 
blender,  and  while  the  blender  shell  is  turning,  the  Th(NC>3)4 
solution  is  sprayed  into  the  oxide  by  the  centrifugal  action  of  a 
rapidly  rotating  "attritor"  bar. 

In  addition  to  homogeneously  dispersing  the  solution, 
this  bar  also  effects  some  comminution  of  the  oxide  particles. 
After  the  total  amount  of  solution  is  added  {r^lQTj  of  the  oxide 
charge  by  weight)  the  attritor  bar  rotation  is  stopped,  but 
tumbling  of  the  doped  oxide  is  continued  while  drying. 

The  dried  doped  oxide  is  subsequently  reduced  in  hydro¬ 
gen  at  temperatures  from  750-3 QQ0°C.  The  resulting  metal  powder 
which  has  a  FSSS  in  the  range  1.2-2  Mis  then  sieved  (250  mesh) 
and  tumbled.  Normally,  this  powder  is  processed  in  quantities 
amounting  to  350  Kgs.  per  batch. 

ThDVJ-1  (5.7  v/o  Th Op)  -  The  first  experimental  alloy  was 
prepared  from  a  50  Kg.  batch  of  the  same  oxide  employed  for 
ThDW-WHS,  and  processing  techniques  were  identical  with  the 
following  exceptions: 

(a)  In  addition  to  the  Th(N03)4  solution,  solutions  of 
KNOo,  KoSigOo  and  AlCNOo;^  were  added  to  give  the 
respective  weight  concentrations  of  0.4,  0.4  and 
0.1?S.  These  additives  were  Included  because  silica 
and  alumina  were  previously  found  to  promote  a  finer 
thoria  dispersion  (l). 

(b)  The  attritor  bar  was  permitted  to  rotate  for  about 
3  times  the  period  employed  in  the  preparation  of 
ThDW-WHS  thU3  promoting  greater  comminution. 

(c)  The  reduction  conditions  were  altered  (temperature 
range  850-1000°C)  to  produce  a  finer  metal  powder. 

The  mean  particle  size  (FSSS)  of  this  experimental  batch 

was  3.6p. 
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ThPW-g  (5*7  v/o  ThOp)  -  The  second  experimental  alloy 
batch  was  essentially  a  laboratory  produced  ThOW-WHS  equivalent 
with  a  higher  concentration  of  thorla.  It  provided  a  measure 
of  the  concentration  effect  and  also  served  a3  a  control  for 
the  alloy  ThEW-1.  It  wa3  prepared  In  the  same  quantity  and  by 
the  same  technique  as  ThDVf-1  with  the  exception  that  the  K  and 
A1  salts  were  omitted.  The  mean  particle  size  (FSSS)*  of  this 
batch  was  1.5p>. 

ThDW-3  (5*7  y/o  ThOg)  -  The  third  alloy  variation  was 
prepared' by  the  addition  of  a  Th(N03)4  solution  directly  to 
high  purity  metal  powder  (4  Kg.  batch  size).  In  this  alloy 
and  the  fourth  experimental  alloy  (ThDW-4),  the  doping  was 
performed  on  the  reduced  powder  in  an  attempt  to  achieve  a 
more  effective  dispersion  because  of  the  very  fine  particle 
size  of  this  material  (0.3p).  The  quantity  of  solution  em¬ 
ployed  was  just  sufficient  (^11  w/o)  to  make  up  a  fluid 
slurry  which  was  milled  (1)  for  3  hours  to  homogenize  the  mix. 

The  slurry  was  then  decanted  directly  Into  a  stainless  steel 
tray  and  frozen  under  vacuum.  The  frozen  state  was  maintained 
until  no  further  condensate  formed  In  the  LN  trap  between  the 
container  and  the  pump.  At  this  point,  the  relatively  dry  pow¬ 
der  was  removed  and  further  dried  in  air  at  80°C.  The  freeze- 
drying  technique  was  employed  in  an  attempt  to  minimize  segre¬ 
gation  of  the  thorium  aalt  during  drying. 

On  the  first  run,  this  final  drying  step  proved  destruc¬ 
tive  to  the  entire  batch  In  that  relatively  slow,  but  nearly 
total,  oxidation  occurred.  This  pyrophoricity  was  probably 
promoted  by  the  exothermic  decomposition  of  the  nitrate,  even 
at  this  relatively  low  temperature .  Although  the  oxide  formed 
could  have  been  reduced  for  further  experimentation.  It  was 
discarded,  and  a  second  batch  was  made  with  the  final  drying 
performed  in  N2.  The  dried  mix  was  then  heated  in  H2  to  a 
temperature  of  900°C  to  decompose  the  Th  (1503)4 .  The  mean  par¬ 
ticle  3ize  (P5S3)  of  this  batch  was  l,3p.. 

ThDW-4  (5.7  v/o  ThC2)  -  The  fourth  alloy  in  this  series, 
was  prepared  by  tKS^&aaiciCH- Of  an  alcoholic  solution  of  Th(N0o)4 
to  the  same  high  purity  tungsten  (4  Kg.  batch  size)  used  for 
ThDW-3.  Again,  the  amount  of  liquor  added  was  just  sufficient 
to  form  a  fluid  slurry  which  was  milieu,  dried  under  vacuum, 
and  finally  dried  at  ^80*0  in  air.  This  alcohol-vacuum  tech¬ 
nique  was  employed  to  permit  accelerated  drying  and  thu3  possi¬ 
bly  minimize  thorium  salt  segregation.  The  thorium  salt  was 
again  decomposed  in  H2  at  900°C.  No  pyrophoricity  was  observed 
with  this  material.  Its  FSSS  was  3«3p. 


*  FSSS  -  Fisher  Subsieve  Size 


W-5  w/o  Cb-S.7  v/o  ThOp  -  A3  the  mechanical  property 
data  of  the  W-fte- "alloys  evolved  (l),  doubts  arose  that  this" 
series  of  alloys  would  provide  the  high  temperature  strength 
desired.  Consequently,  an  alternative  solid  solution  system 
was  sought.  On  the  basis  of  other  data  (9),  a  VJ-Cb  alloy  wa3 
selected.  In  this  case,  the  constituent  metal  powders  were 
milled  for  20  hours  in  the  tungsten  mill  with  a  Th(N03)4  solu¬ 
tion.  Drying  in  air  was  performed  at  80°C,  and  the  decomposi¬ 
tion  of  the  Th(N03)4  was  accomplished  in  an  argon  atmosphere. 


B.  Consolidation  of  Alloys 


1.  Hot  Pressing 


Previous  contract  work  (l)  demonstrated  the  efficacy 
of  this  technique  for  producing  maximum  density  billets  which 
could  subsequently  be  fabricated  by  extrusion,  although  prop¬ 
erties  determined  on  previously  hot  pressed  materials  were 
somewhat  inferior  to  those  of  the  same  material  which  had  been 
3elf-re3istance  sintered.  However,  because  of  the  difficulties 
anticipated  in  pressing  Ingots  for  self-resistance  sintering, 
and  in  attaining  satisfactory  densities  by  that  method,  hot 
pressing  wa3  again  employed  as  the  standard  consolidation  tech¬ 
nique  . 


Since  it  was  desired  to  initiate  a  preliminary  scale-up 
YJhlch  required  billet  sizes  larger  than  the  hot  press  in  this 
laboratory  could  consolidate  (1.25  in.  dla.),  the  hot  pressing 
of  larger  billets  was  performed  by  Dr.  J.  White  of  the  Aerospace 
Corporation. 


For  the  small  billets,  the  apparatus  and  the  pressing 
procedure  employed  have  been  described  previously  (l).  One 
variation,  the  use  of  a  tantalum  foil  liner  to  reduce  possible 
carbon  contamination,  was  tried.  However,  most  of  the  compacts 
prepared  with  the  foil  were  found  to  have  circumferential  cracks 
of  such  a  depth  as  to  render  them  useless.  The  cracks  are  be¬ 
lieved  to  have  resulted  from  folds  occurring  in  the  foil  during 
pressing.  All  the  billets  were  then  successfully  pressed  with¬ 
out  a  liner. 


For  the  2.25  in.  dla.  billets,  powder  of  five  composi¬ 
tions  (including  powder  of  the  W-Cb-Th02  alloy)  was  forwarded 
to  Aerospace  Corporation  for  hot  pressing  in  an  appaz*atus  described 
elsewhere  (lO).  The  W-ThC>2  powders  were  from  the  same  experimental 
batches  used  for  the  1.25  in.  dia.  billets.  Contrary  to  the  ex¬ 
perience  in  this  laboratory,  all  large  billets  were  pressed  suc¬ 
cessfully  with  a  tantalum  foil  liner  in  a  mold  of  different  design. 
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Initially,  attempts  were  made  to  produce  the  larger  size 
billets  with  a  length  to  diameter  ratio  approaching  two.  This 
resulted  in  fracture  of  the  mold,  and  subsequently  this  ratio 
was  reduced  to  slightly  greater  than  1,  after  which  satisfactory 
billets  were  produced  -  The  major  differences  between  the  press¬ 
ing  techniques  are  given  belov;  (Table  2): 


Table  1 


Supplier's  Analysis  of  Ammonium  Paratungstate 


Element 

or 


Compound  WO3 

Mo 

NVR* 

nh3 

A1  Cu 

Fe  Na  Si 

Analysis** 

w/o  89.00 

<.002 

<•005 

5.4  v 

<.002  <.0003 

<•003  <.002  <.0004 

*  Non-Volatile 

Residue 

**  Balance  H2O 


Table  2 

Comparison  of  Hot  Pressing  Techniques 


We3tinghouse 

I.25  in.  aia.  x  1.9  in.  length 
Single  piece  mold 
Single  acting  press 
No  liner 

Handled  in  air  prior  to  hot 
pressing 


Aerospace  Corp. 

2.25  in.  dla.  x  2,5  in.  length 
Split  mold 
Double  acting  press 
Ta  foil  liner 

Handled  in  inert  gas  prior  to 
hot  pressing 


Carbon  Analyses  of  a  Hot  Fressed  ‘IVvDW-3 
Billet  After  Conditioning 


Section  No.» 

1  (edge  section) 

2 

3 

4 

(center  sections) 

5 

6 

7 

8  (edge  section) 


Carbon  Content  (wt.  ppm) 
(Low  Pressure  Combustion 

87 

83 

100 

74 

68 

r 

81 

101 

113 


*  To  obtain  the  sections  a  1/8"  thick  disc  was  cut  from  the 
billet;  from  this  a  1/4"  wide  diametric  strip  was  cut  and 
sectioned  perpendicular  to  the  diameter. 

Note:  Commercially  pure  tungsten  nominally  has  about  40  wt.  ppm. 
.  carbon. 


Following  pressing,  all  billets  were  conditioned  by  sur¬ 
face  grinding  to  remove  0.03-0.05  in.  from,  all  surfaces.  This 
removal  represents  roughly  two  to  five  times  the  depth  to  which 
contamination  was  metallographically  observable.  Carbon  deter¬ 
minations  made  across  the  diameter  of  one  billet  after  grinding 
are  listed  in  Table  3.  The  average  carbon  concentration  is 
higher  than  normally  found  in  commercial  purity  tungsten  and  a 
small  surface  to  center  gradient  is  observed. 

A  listing  of  all  billet  compositions,  dimensions,  and 
densities  is  presented  in  Table  4. 


Table  4 


Dimensions  and  Densities  of  Hot  Compacted  Extrusion  Rlllets 


ThDW-3 

ThDW-4 


Billet***  Density 

Dimens ion a  (#  Theo. ) 

A  1.20  x  1.26  92 

2.10  x  2.04  95 

1.20  x  1.45  07 

'■2.10x2.14  91 

1.20  x  1.46  91.5 

2.10  x  2.00  95 

2.10  x  2.00  95 

1.20  X  1.46  92 


ThDW/Cb-1  W-5  w/o  Cb-5.7  v/o  ThOg  2.10  x  1.60  96 

*  The  Dynapak  extruded  ThDW-WHS  is  a  second  billet  equivalent 
to  the  material  referred  to  as  Alloy  No.  2  in  previous  work. 
**  ThDW-1  also  contains  compounds  cf  potassium,  silicon,  and 
aluminum  at  levels  less  than  0.5  w/o. 

♦♦♦Dimensions  given  as  diameter  x  length  (inches). 


2 •  Self-Resistance  Sintering 

The  fact  that  the  ThDW-WHS  alloy  is  consolidated  by  self¬ 
resistance  sintering  made  it  necessary  to  attempt  this  consoli¬ 
dation  process  for  the  experimental  alloys,  in  spite  of  the 
liabilities  mentioned  before .  Consequently,  two  alloys  (ThDvJ-1 
and  TuI7,;-2 )  were  pressed  at  room  temoerature  in  a  conventional 


open  mold  at  40  KSI  (0.375  x  0.375  x  24  in.  for  both  alloys, 
and  also  0.725  x  0.700  x  24  in,  for  ThDW-2).  The  alloy  ThDW-2 
was  successfully  sintered  in  both  sizer  to  93-96$  of  theoretical 
density.  The  schedules  used  (essentially  the  same  employed  for 
ThEW-VfHS)  entailed  a  rise  time  to  the  maximum  temperature 
(/■>-> 2850 0 C )  of  15  min.  for  the  small  and  35  min.  for  the  larger 
ingots.  All  ingots  were  held  at  this  temperature  for  20  min. 
Several  schedules  were  tried  on  ThDW-1,  but  adequate  density 
could  not  be  obtained,,  and  internal  voids  were  found  In  the 
sintered  ingots.  These  voids  are  presumed  to  be  the  result 
of  premature  surface  sintering  which  precludes  the  escape  of 
volatile  material  retained  Internally — probably  some  compound 
of  the  silica  and/or  alumina  added  to  this  alloy. 

It  is,  of  course,  necessary  throughout  the  foregoing 
processes  to  minimize  contamination  of  the  oxide  or  the  metal. 
Iron  and  nickel  are  generally  accepted  as  being  undesirable 
contaminants  in  tungsten,  and  reactions  of  thoria  with  carbon 
have  been  r-eported  in  the  literature  which  result  in  the  for¬ 
mation  of  free  thorium  (II).  Thorium  in  the  form  of  the  free 
metal  is  reported  to  have  a  very  high  diffusivity  In  tungsten 
(12),  whereas,  as  will  be  shovm  later,  the  oxide  is  very  stable 
In  the  completely  dense  tungsten  matrix.  Therefore ,  if  thorium 
is  formed  as  a  result  of  carbon  contamination,  coarsening  of 
the  second  phase  can  occur  during  subsequent  high  temperature 
processing. 


C.  Fabrication  of  Alloys 

1.  Direct Swaging  of  Self -Resistance  Sintered  ThDW-WHS  and 

ThDVr-S  "Ingots 

Sintered  ingots  20  x  0.6  x  0.5  in*  were  warm  swaged 
directly  Into  rods  of  rc/O.185  in.  dla.  The  die  line  was  the 
same  used  for  extruded  alloys  (Table  5)-  The  Initial  preheat 
temperature  for  ThDW-WHS  was  1700°C  and  was  gradually  reduced 
to  about  1200° C  as  the"  rod  diameter  was  decreased.  For  ThDW-2, 
a  preheat  temperature  of  1650-1750°C  was  used  at  all  sizes,  be¬ 
cause  some  edge  cracks  were  present  In  the  as  sintered  lngot3. 
Intermediate  anneals  were  employed  during  the  reduction  to  the 
final  rod.  size . 

2  *  Extrusion 

Previous  work  (l)  had  demonstrated  the  feasibility  of 
high  rate  extrusion  (Dynapak)  for  alloys  of  this  type,  and  the 
primary  breakdown  of  the  1.2  in.  dia.  billets  was  again  per¬ 
formed  in  this  fashion.  The  2.1  in,  dia.  billets,  however, 
were  extruded  in  a  conventional  press.  This  variation  wa3  in¬ 
vestigated  because,  from  the  equipment  standpoint,  fewer  prob¬ 
lems  were  anticipated  in  sc ale -up. 
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Table  5 


General  Swaging  Schedule  for  Extruded  Alloys 


Machine  Size 

Temp.  (°C) 

Preheat 

Time 
1st  end 

(min.) 

2nd  end 

Size  (in.) 

#6 

1700-1750 

15 

10 

1,000  + 

•010 

11 

11 

10 

10 

.855 

11 

If 

If 

II 

fl 

.740 

ft 

If 

ft 

tl 

f! 

.630 

II 

#4 

11 

10 

6 

.630* 

fl 

11 

11 

«1 

11 

.560  + 

.005 

ft 

1! 

If 

If 

.470 

II 

If 

II 

ft 

If 

.400 

fl 

ft 

II 

It 

if 

.340 

ff 

;  *  it 

11 

tl 

ft 

.285 

f« 

II 

11 

«1 

It 

.240 

•1 

M 

It 

»1 

11 

,205 

11 

M 

ft 

ft 

It 

.185 

If 

*  All  of  the  high  rate  extruded  material  was  started  on  the  #4 
ewager  at  0.630  in. 
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Prior  to  extrusion,  all  billets  were  encapsulated  in 
molybdenum.  Capsules  of  the  configuration  previously  employed 
(1)  were  used  with  the  1.2  in.  dia.  billets,  while  the  capsules 
for  the  larger  billets  were  machined  at  WFAFB  where  the  conven¬ 
tional  extrusion  was  performed.  The  extrusion  parameters  are 
presented  in  Table  6 . 

The  W-5  w/o  Cb-5.7  v/o  Th02  billet  broke  up  severely  on 
extrusion.  All  other  billets,  as  extruded,  had  good  surface 
characteristics  (Mo  capsule)  and  relatively  uniform  diameters 
(no  indication  of  breaking  up  of  the  core  alloy)  throughout 
their  length.  Swaging  was  thus  begun  without  removing  the 
molybdenum  case.  Only  the  high  rate  extruded  billets  were 
sampled,  as  extruded,  since  the  conventionally  extruded  billets 
were  barely  long  enough  for  swaging. 

3.  Swaging  of  Extruded  Billets 

The  swaging  schedule  used  is  shown  in  Table  5.  Due  to 
the  short  lengths  involved,  no  continuous  swaging  was  feasible; 
hence,  temperatures  at  the  point  of  material  deformation  were 
higher  at  the  end3  and  progressively  lower  as  the  center  of  the 
rod  approached  the  die.  The  maximum  temperature  drop  due  to 
this  limitation  is  estimated  to  be  ^30O°C.  This  is  encountered 
on  the  smallest  dies  with  rods  exceeding  ^30  inches.  The  effect 
is  essentially  negligible  with  short  pieces  of  large  diameter. 

Material  losses  during  swaging  were  high  (Table  7).  Al- 
thc  igh  the  as  extruded  surface  of  the  molybdenum  capsules  had 
indicated  sound  billets  in  two  cases  (ThDVJ-1  -  large  billet  and 
ThDW-WHS  -  small  billet),  swaging  breaks  are  believed  to  have 
resulted  from  pre-existing  cracks.  Thi3  was  suggested  by  the 
almost  total  penetration  of  molybdenum  into  the  cracks,  which 
is  not  believed  possible  under  the  swaging  conditions  employer'.. 
The  most  common  source  of  loss,  however,  was  splitting,  particu¬ 
larly  at  the  end3  of  the  rods.  Such  splitting  is  a  problem  in 
the  fabrication  of  thoriated  tungsten  and  in  these  alloys  was 
probably  aggravated  by  the  limitations  of  the  hand  swaging 
process.  Additional  factors  may  have  been  the  higher  concen¬ 
tration  of  thoria  and  a  less  than  optimum  working  schedule. 

4.  Rolling 


Since  the  projected  end  use  of  the  high  strength  alloy 
is  sheet,  a  single  preliminary  attempt  was  made  to  roll  two  of 
the  compositions  being  investigated  (ThDW-2  and  ThDW-WHS).  Both 
were  pressed  at  room  temperature  in  a  standard  mold  to  O.75O  x 
1.500  x  15  in.  and  self-resistance  sintered  (~/2850°C,  30  min.) 
to  densities  of  17.2  gm/cm3.  The  billets  were  subsequently 
cut  into  4-5  in.  lengths  and  conditioned  as  shown  in  Pig.  1. 

The  rolling  schedule  i3  given  in  Table  8. 


Table  6 


Extrusion 

Parameters  for  W-H1O2  Alloys 

1 

,20  in.  dia.  Billets 

2.10  in.  dia.  Billets 

(Dynapak  Extrusion) 

Standard  Extrusion; 

Preheat  Temperature 
(Induction) 

1950*0 

-  1980*C 

Preheat  Time 

5  min. 

25  min. 

Transfer  Time 

10-20  sec. 

■  n.d.* 

Extrusion  Ratio 

6 :1 

6.3:1  1 

Die  Composition 

Steel 

(ZrC2  coated) 

H-12  Steel 
(Zr02  coated) 

Lubricant 

None 

M0S2 

Jacket  Material 

Molybdenum 

Molybdenum 

Ram  Speed  ( Running ) 

N.D.* 

5o5~<S.O  in./sec. 

*  N.D.  -  Not  Determined 
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Table  8 


Sheet  Rolling  Schedule  for  W-ThOg  Alloys 


Mill  -  10  x  12  Inches 


Preheat  -  1600° C,  15  min.,  each  pass 


Reductions  -  (l)  .630 

2  .5^5 

(3)  .318 


.505  in. 

.318  in. 
.170  in. 


A  two-high  10  in.  dia. 
es  made  in  the  same  direction. 


x  12  in,  mill  was  used  and  all  pass 


Neither  billet  was  suitable  for  further  rolling  after 
the  third  pass  (also  shown  in  Pig.  1).  The  ThDW-WHS  alloy 
showed  slight  edge  cracking  after  the  first  pass,  and  at 
0.170  in.,  severe  edge  cracks  were  closely  spaced  throughout 
the  length  of  the  ingot.  The  ThDW-2  showed  no  cracking  in 
the  first  two  passes  but  developed  a  longitudinal  center 
crack  on  the  third  pass  which  separated  the  billet  for  two- 
thirds  of  its  length.  The  surfaces  of  this  crack  showed  a 
pronounced  laminar  structure  (Fig.  2). 

While  these  initial  rolling  attempts  have  not  resulted 
in  useful  material,  they  are  encouraging  enough  to  suggest 
that  further-  experimentation  with  rolling  variables  will  per¬ 
mit  production  of  sheet  material. 


D.  Characterization  of  the  ThDW-WHS  Alloy 


The  properties  of  the  ThDW-WHS  alloy  were  determined  in 
greater  detail  than  those  of  the  experimental  alloys,  hence 
its  properties  will  be  reported  separately  throughout  the 
remainder  of  this  report. 

1 .  Micros true ture  of  A3  Worked  Rod 


The  optical  microstructure  of  the  as  worked  rod  is 
shown  in  Fig.  3*  The  grain  structure  is  highly  elongated, 
and  the  fibers  are  non-uniforra  in  width.  The  average  grain 
width,  which  may  include  some  subgrains  as  well  as  high  angle 
grain  boundaries,  is  about  l6p..  The  substructure  wa3  examined 
by  electron  transmission  microscopy  and  is  characterized  by 


Fig.  1  Rolling  Billet 
Passes  (Left). 


(Center).  ThDW-WHS  Billet  After  3  . 

ThDW-2  Billet  After  3  Passes  (Right). 


•* 


^ 1  x 

Fig,  £  Laminar  Structure  of  Rolled  ThEW-2  Billet  After 
3  Passes. 
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the  presence  of  tangled  dislocations  within  well  defined  sub- 
grains  (Fig.  4).  The  subgrains  of  the  as  worked  material  are 
elongated  and  have  an  average  width  cf  about  3p, 

2.  Particle  Size  Distribution 

The  fine  particle  distribution  (<C0.1p)  was  determined 
from  carbon  extraction  replicas  (Fig.  5  and  at  higher  magnifi¬ 
cation  Figs.  6a  and  6b).  The  extraction  replica  technique  em¬ 
ployed  (with  minor  modifications)  was  reported  by  Koo  (13). 
Mounted  specimens  are  mechanically  polished  through  4-0  emery 
paper,  then  electropolished  for  about  12  minutes  in  a  1.5#  KOH 
solution  at  temperatures  below  5°C.  After  thoroughly  rinsing' 
in  distilled  water,  a  layer  of  plastic  film  is  applied  and 
stripped  from  the  sample  surface  in  order  to  remove  surface 
debris.  Carbon  is  then  deposited  in  a  vacuum  evaporator 
(^10-5  Torr)  from  a  source  at  right  angles  to  the  surface. 

The  carbon  film  is  scribed  into  small  squares  with  a  sharp 
tool  following  which  the  sample  is  chemically  etched  in  a  1,5# 
H2O2  solution  until  segments  of  the  carbon  film  float  free. 
Finally,  the  films  are  thoroughly  washed  in  distilled  H2O, 
collected  on  grids  and  dried  in  a  vacuum  desicator. 

The  extraction  replicas  were  examined  in  a  Hitachi 
HU-11 A  electron  microscope .  The  structure  was  photographed 
at  20,000X  and  further  enlarged  to  40,000X.  Both  as  worked 
(Fig.  6a)  and  annealed  (Fig.  6b)  specimens  were  replicated. 


The  thoria  particles  are  present  over  a  wide  size 
range  (<[50  -  3>l)x).  The  larger  particles  (>10,000A)  are 
rod-like  in  shape  after  fabrication  as  shown  in  the  optical 
micrograph  of  Fig.  3  and  the  extraction  replica  of  Fig.  5, 
whereas  smaller  particles  are  essentially  spherical  (Fig.  4). 
However,  no  attempt  has  been  made  to  include  larger  particles 
in  the  size  distribution  determination,  because  they  are  con¬ 


sidered  to  be  relatively  insignificant  in  the  strengthening 


process  of  this  alloy. 


The  distribution  was  established  on  the  basis  of  the 
method  developed  by  Ashby,  et.al.  (14).  The  significant  re¬ 
lationship  is  that  which  equates  _the  number  of  particles  per 
unit  area  in  a  plane  of  polish  (Ns)  to  the  mean  diameter  of 
particles  (X)  as  follows: 


Ns  =  NX/X 


Eq.  1 


Worked  ThDW-WHS 


i 

l 


i 


where  Ki  Is  the  number  of  intercepts  per  unit  length  of  line 
drawn  randomly  over  the  area  of  the  micrographs.  The  param¬ 
eter  sought  13  the.  mean  interplanar  spacing  t>a>  defined  by 
Kochs  (15)  as  the  average  distance  from  a  particle  to  its 
•  v*  next  nearest  two  or  three  neighbors*.  It  is  given  by: 

,  1 

-  1.18  (f-)?  Eq.  2 


In  order  to  apply  these  equations ,  the  mean  particle 
diameter  was  first  determined  by  counting  the  number  of  par¬ 
ticles  in  intervals  of  250&  (i.e.,  0-250A,  250-500&,  etc.) 
within  randomly  selected  areas  of  six  micrographs  from  each 
of  the  respective  samples.  Trie  total  number  of  particles  In 
each  size  range  wa3  then  multiplied  by  the  median  of  that 
range,  and  all  size  ranges  summed  and  the  total  averaged. 

In  the  case  of  the  as  worked  material,  612  oarticles  were 
counted  within  a  total  area  of  12^,  and  448  particles  within 
an  area  cf  24}X2  of  the  annealed  apecimen3. 

Next,  an  array  of  random  lines  was  scribed  on  the  micro¬ 
graphs  and  the  number  of  intercepts  counted.  Five  lines  of  2(X 
length  each  were  scribed  on  eleven  plates  of  the  annealed  speci¬ 
men  to  give  a  total  length  of  IIOjJl,  and  lines  totaling  70(u  in  length 
w  re  scribed  on  11  plates  of  the  as  worked  material.  The  results 
of  the  evaluation  are  summarised  in  Taule  Q.  The  distribution 
curves  are  plotted  In  Fig.  7. 


i 


*  It  was  originally  pointed  out  by  Kochs  ana  further  discussed  by 
Kelly,  et.&l.  (5)  that  the  mean  interplanar  spacing  and  not  the 
mean  center  to  center  spacing  between  particles  Is  the  appro¬ 
priate  measure  in  calculating  the  Interaction  between  a  gliding 
dislocation  and  a  random  array  of  obstacles. 
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Table 


Particle  Size  Distribution  Parameters  cf  ThBW-WHS 


As  Worked 

Annealed 

Mean  particle 
diameter,  T,  angstroms 

402  +  233 

386  +  236 

No.  of  Intercepts  per 
micron,  N-^ 

0.65 

0.27 

No.  of  particles  per 
micron2,  TJg 

16 

7 

Mean  interplanar 
spacing,  Bg,  microns 

0,3 

0.44 

The  fact  that  fewer*  fine  particles  are  observed  in  the 
annealed  samples  as  compared  to  the  as  worked  samples,  suggests 
that  some  coarsening  has  occurred.  However,  the  statistical 
data  do  not  permit  a  definite  conclusion,  since  the  large  sigma 
values  obscure  any  small  shifts  which  may  have  occurred  in  the 
mean  particle  diameter. 


Annealing  studies  were  made  at  temperatures  between  l600°C 
and  310Q*C  In  order  to  assess  the  effect  of  the  dispersion  on  the 
recovery  and/or  recry3taiiization  behavior.  Optical  and  electron 
transmission  microscopy  as  well  as  room  temperature  hardness 
measurements  were  employed  for  this  evaluation. 


a.  Effect  of  Annealing  on  Room  Temperature  Hardness 


All  specimens  were  initially  ground  through  3-0  emery 
paper  and  then  electropolished  to  remove  at  least  0,005  in.  from 
the  surface.  Each  specimen  was  annealed  repeatedly  In  a  vacuum 
ox  approximate xy  p  x  10  auu  the  "Vickers  Hardness  measured 

after  each  annealing  period.  At  least  six  hardness  indentations 


were  made  to  obtain  an  average  value.  Periodically,  when  the 
hardness  indentations  became  too  closely  spaced,  the  surface  was 
reground  and  again  electropolished.  At  temperatures  below  2800° C, 
the  specimens  were  annealed  by  radiation  heating  while  at  higher 
temperatures  they  were  annealed  in  an  electron  beam  furnace.  On 
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all  runs,  the  temperature  was  measured  by  an  optical  pyrometer, 
which  was  calibrated  against  melting  points  of  pure  metals. 

The  hardness  data  for  a  given  determination  varied  by  about 
+  15  units  from  their  average  values. 

The  results  of  isothermal  anneals  at  various  tem¬ 
peratures  on  the  room  temperature  hardness  are  recorded  in 
Table  10.  These  data  are  to  be  compared  with  an  average  value 
of  about  485  VHN  for  the  as  worked  alloy  and  about  370  VHN  for 
fully  recrystallized  pure  polycrystalline  tungsten.  At  tem¬ 
peratures  up  to  approximately  2700°C  for  10  hours,  changes  in 
hardness  indicate  that  only  recovery  is  occurring.  The  extent 
of  recovery  at  temperatures  below  2800°C  decreases  slightly 
with  decreasing  temperature.  However,  at  or  above  2800°C, 
the  material  recrystallizes  after  a  short  time  anneal,  and 
the  hardness  drops  to  that  of  recrystallized  tungsten. 

b .  Effect  of  Annealing  on  Microstructure 

The  microstructure 3  of  the  alloy  after  annealing 
for  various  times  at  temperature  ranging  from  l600-2800°C 
are  depicted  in  Figs.  8a,  b,  c  and  d.  The  results  of  grain 
size  measurements  {width  of  elongated  grains)  are  listed  in 
Table  11  along  with  the  grain  size  of  the  alloy  as  worked. 

Annealing  for  long  periods  at  l600°C  caused  a  re¬ 
duction  in  the  overall  average  grain  size  (dr^. )  from  nj l6p^  (as 
worked)  to  6jjl  (after  annealing  for  65  hours).  This  is  attrib¬ 
uted  to  the  formation  of  new  3ubgrain  boundaries  by  the  process 
of  polygonization.  However,  the  average  primary  grain  size, 
(3^,)  which  does  not  include  small  recovered  (or  possibly  re- 
crystallized)  regions  within  large  grains,  i3  apparently  un¬ 
changed  . 


On  the  other  hand,  annealing  at  2400° C  or  at  higher 
temperatures  causes  the  grain  size  to  increase.  In  addition, 
after  annealing  at  temperatures  above  2400° C,  small  recrys¬ 
tallized  areas,  such  as  are  typically  formed  by  nucleation  and 
growth  processes,  become  clearly  recognizable  within  the  worked 
grains.  'Ehese  areas  are  marked  "A"  in  Figs,  8c  and  8d  and  were 
identified  as  being  recrystallized  by  the  fact  that  such  areas 
were  free  of  etch  pits,  whereas  the  surrounding  matrix  was 
heavily  etch  pitted  by  a  boiling  concentrated  hyarogen  peroxide 
solution.  However,  the  predominant  mode  of  recry3tallization 
appears  to  be  by  the  strain  induced  migration  of  boundaries  al¬ 
ready  present,  rather  than  by  nucleation  and  growth,  since  con¬ 
siderable  coarsening  of  the  grain  structure  had  occurred  before 
such  areas  are  seen. 
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Table  10 


Effect  of  Isothermal  Annealing  at  Various 
Temperatures  on  Room  Temperature  Vlcker3  Hardness 


Vickers  Hardness  Number 


• 

a 

e 

& 

Time 

1600 

Hrs. 

1/2 

468 

2100 

Hrs. 

1/60 

454 

2400 

Hrs . 

1/60 

452 

2660 

Hrs. 

1/12 

463 

2800 

Hrs. 

1/6° 

472 

3100 

Hrs . 

1/60 

407 

1 

454 

2 

471 

6 

471 

65 

466 

1/20 

463 

1/6 

456 

1/2 

457 

1 

449 

1/6 

446 

1/2 

448 

l' 

454 

2 

448 

1/2 

456 

2 

445 

10 

440 

1/20 

467 

1/6 

445 

Ui 

2 

435 

1/20 

417 

1/5 

401 

lit 

1 

371 

450 

454 

7 

447 

4 

6  11 

24 

405 

398  407 

378 

2 

6 

372 

366 
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Table  11 


Effect  of  Annealing  on  the  Grain  Size 
(Width  of  Elongated  Grains)  of  W-3.8  v/o  ThOg 


Annealing 

Time 

dp,  mm 

^  <It>  mm 

Temperature ,  °  C 

Hrs. 

As  Worked 

.016 

1600 

65 

.012 

.006 

2400 

.5 

.023 

2400 

5 

.021 

.019 

2800 

24 

.194 

.168 

3100 

6 

.135 

.135 

(a)  3Tp  is  the  diameter  of  the  "primary  grains"  after  annealing 

includes  small  sr  ains  and  subgrains  formed  after  annealing 
in  addition  to  the  primary  grains. 


c •  Effect  of  Annealing  on  Substructure 

The  effect  of  annealing  at  various  temperatures  on 
the  substructure  was  investigated  by  electron  transmission  mi¬ 
croscopy  (ETM).  In  some  instances,  the  same  annealed  specimens 
which  were  used  for  hardness  measurements  and  optical  micros¬ 
copy  studies  were  subsequently  thinned  and  examined  in  the 
electron  microscope.  In  other  instances,  additional  samples 
were  annealed  at  various  temperatures  to  obtain  information 
concerning  the  state  of  the  substructure  at  Intermediate  times. 

The  transmission  specimens  were  prepared  by  first 
grinding  ribbons  (^30  mils  thick)  from  rods.  The  ribbons  were 
sectioned  to  an  appropriate  3ize  and  then  electrolytically 
thinned  further  in  two  stages.  In  the  first  3tagc ,  a  dimple 
was  formed  on  opposing  faces  of  the  ribbon  by  an  electrolytic 
Jet  of  5$  KOHj  in  the  second  stage,  perforation  was  completed 
by  immersing  the  specimen  in  the  same  electrolyte  and  continu¬ 
ing  to  electropolish.  A  spotlight  was  located  behind  the  foil 
so  that  the  perforation  could  be  detected  at  the  earliest  possi¬ 
ble  moment.  Accelerated  etching  around  the  larger  thoria  par¬ 
ticles  was  generally  encountered  and  caused  difficulties  in 
obtaining  large  transmission  areas.  In  all  examples  of  the 
substructure  shown  here,  the  plane  of  the  foils  was  parallel  to 
the  rod  axis. 

Examples  of  the  substructure  formed  after  annealing 
for  65  hours  at  1600°C  and  for  30  minutes  at  temperatures  between 
2400  and  3000°C  are  shown  in  Figs.  9a. r  b,  c  and  d.  The  anneal  at 
1600°C  caused  a  reduction  in  the  average  subgrain  size  (width  of 
elongated  grains)  of  the  as  worked  material  from  about  2.8/a 
(Fig.  4)  to  about  lp-  (Fig.  9a).  The  decrease  in  subgrain  size 
was  caused  by  the  formation  of  many  simple  dislocation  boundaries 
such  as  marked  "a"  In  Fig.  9c.  The  same  area  is  shown  In  the 

rM  1  r\  4-^s  ~ 4-i_^  ~  j -  ~ r> 

J  J-  W44.  UU^iU^lu^n  \JX  X‘  •  -A.  V/'-'  UCUl/Cf  ICOUXVC  ULIC  HatUi'C  VJ  ± 

the  boundary. 


The  substructure  of  specimens  annealed  for  30  minutes 
at  2400°C  and  2720°C  (Figs.  9b  and  9c)  Is  very  similar  to  that 
shown  in  Fig.  9a  except  that  the  subgrain  3lze  is  about  2n,  and. 
In  general,  there  are  fewer  dislocations  within  the  subgrains. 
Networks  of  dislocations  such  as  shown  by  the  arrow  in  Fig.  9c 
we re  found  throughout  the  substructure  at  all  annealing  tempera¬ 
tures  below  2800°C.  However,  many  isolated  dislocations  pinned 
by  tne  thoria  particles  were  still  retained  within  the  subgrains. 
Clear  evidence  of  sub-boundary  pinning  by  particles  Is  seen  in 
Fig.  9b  (see  arrows).  In  this  case,  the  boundary  is  moving  away 
from  its  center  of  curvature. 


Fig.  9  Electron  Transmission  Micrographs  of  Annealed  ThDW- 
WHS  -  (a)  65  Hrs.,  l600°Cj  (b)  1/2  Hr.,  2400°C 
”  -  20,000X 
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Fig.  9  (Cont'd.)  Electron  Transmission  Micrographs  of 

Annealed  ThDW-WHS  -  (c)  1/2  Hr.,  2720°C; 
(d)  1/2  Hr.,  3000°C  40,000X 


Boundaries 

50,000X 


10  Enlarged  Area  of  Pig.  9c  Showing 
Formed  by  Arrays  of  Dislocations 
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After  annealing  for  1  hour  at  2800°C  or  for  l/2  hour 
at  temperatures  above  2800“ C,  the  subgrain  size,  in  general,  has 
increased  to  a  size  too  large  to  be  measured  at  the  lowest  magni¬ 
fication  possible  in  the  electron  microscope.  One  subgrain  was 
located  within  a  foil  annealed  for  1  hour  at  2800°C.  The  analysis 
ox’  selected  area  diffraction  patterns  taken  across  its  boundaries 
established  the  fact  that  the  misorientation  was  small. 

Only  in  one  case,  in  fact,  was  it  possible  to  iden¬ 
tify  a  high  angle  grain  boundary.  Tills  boundary  which  was  lo¬ 
cated  in  a  specimen  annealed  for  1/2  hour  at  300C“C  (Fig.  9d) 
had  a  misorientation  equal  to  ox’  greater  than  13°.  This  bound¬ 
ary  wa3  also  pinned  by  a  thoria  particle, 

d ,  Summary  and  Discussion  of  Recovery  Data 

The  combined  information  from  hardness  tests,  optical 
and  electron  microscopy  presents  a  coherent  picture  of  the  effect 
of  the  dispersion  on  the  recovery  and  recrystallization  of  the 
warm  worked  ThDW-WHS  alloy.  There  is  a  first:  stage  which  only 
involves  recovery,  and  has  been  found  to  prevail  at  2720°C  for 
at  least  10  hours  and  at  all  less  rigorous  annealing  conditions. 

At  temperatures  of  2800° C  or  higher,  a  second  stage,  namely, 
recrystallization  occurs . 

The  hardness  data  as  well  as  optical  and  electron  mi¬ 
croscopy  show  that,  at  2800°C,  it  takes  about  30  minutes  before 
recrystallization  commences.  During  this  period,  there  is  a  drop 
in  hardness  which  is  accompanied  by  the  development  of  a  well  de¬ 
fined  substructure  of  elongated  subgrains  (average  width  about  2^x) , 
largely  made  up  or  simple  dislocation  type  boundaries.  Annealing 
for  slightly  longer  times  results  in  a  rapid  disappearance  of  the 
subgraitts  and  an  increase  In  the  grain  size  of  primary  grains,  and. 
a  further  decrease  in  the  hardness  to  that  of  recrystailized  pure 
tungsten. 

At  3100°C,  the  entire  sequence  occurs  very  rapidly. 

The  recrystailized  structure  remains  highly  elongated,  and  grains 
which  extended  the  entire  length  of  a  1/2  inch  sample  were  some¬ 
times  observed.  Thus,  the  growth  in  the  direction  parallel  to 
the  rod  axis  is  much  greater.  The  substructure  during  the  re¬ 
covery  stage  was  also  elongated  in  the  working  direction.  The 
recrystallization  "nuclei",  when  first  detected,  are  almost 
spherical  but  at  latter  stages  of  annealing  become  elongated 
(Fig.  Sd  -  see  arrows).  The  preferential  directional  growth 
can  be  attributed  to  the  stringers  of  large  particles  parallel 
to  the  working  direction  (Fig.  3). 

The  mechanism  of  recovery  is  primarily  r,he  formation 
of  lew  angle  sub-boundaries  by  polygonlzatlon.  For  recrystalli¬ 
zation,  two  competitive  processes  occur.  One  is  the  formation  and 
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growth  of 'hue lei",  and  the  second  is  the  growth  of  pre-exisbing 
boundaries  by  strain  induced  grain  boundary  migration.  Strain 
induced  grain  boundary  m' gratlon  is,  however,  the  chief  mode, 
of  recrystallization,  but  there  is  an  Incubation  period,  re-  ... 
qulrea  before  it  takes  place. 

The  conclusions  drawn  from  this  annealing  study  of 
the  'HiDV’-WHS  alloy  find  support  in  the  literature.  Cahn  (16) 
has  recently  discussed,  among  others,  two  models  which  could 
apply.  One  is  the  "bulge"  model,  attributed  to  Bailey  and 
Hlrsch  (17),  which  is  analogous  to  the  model  for  strain  induced 
grain  boundary  migration  with  the  exception  that  an  incubation 
period  is  required  In  some  cases.  The  second  model  describes 
rccrystalllzation  by  the  growth  of  preformed  nuclei  (18)..  This 
model  i3  quite  similar  to  the  original  model  of  Cahn  (19)  ex¬ 
cept  that  the  Incubation  period  represents  the  gradual  "healing" 
cf  the  preformed  nucleus  (which  in  part  can  consist  of  high 
angle  boundaries)  by  polygonizatlon  rather  than  by  the  forma¬ 
tion  and  grovjth  of  a  new  subgrain.  The  recovery  and  recry s- 
tallization  phenomena  observed  can  be  correlated,  to  some  degree, 
with  either  of  these  two  models.  However,  the  authors  consider 
recry stallizar.ion  by  growth  of  preformed  nuclei  (second  model) 
to  be  the  rate  controlling  process  because  of  the  extensive 
polygonlzation  that  precedes  migration  of.  boundaries. 

Whatever  the  mechanism,  however,  it  is  clear  that 
the  dlspersoid  has  greatly  increased  the  recrystallization  tem¬ 
perature  above  that  of  pure  tungsten.  Recrystallization  in 
similarly  worked  pure  tungsten  will  occur  in  less  than  30  min¬ 
utes  at  temperatures  as  low  as  1400°C.  However*,  in  the  ThDW- 
VI  Id  alloy j  the  matrix  does  not  recrystallize  even  after  30  min¬ 
utes  at  2dOO°C.  The  effects  which  recovery  and  recrystallization 
have  on  strength  properties  will  become  apparent  later. 


E .  Mechanical  Properties  of  ThDW-WHS  Alloy 

1 .  Ductile-Brittle  Transition  Temperature  (DBTT) 

The  DBTT  was  determined  lr.  tension  on  specimens  annealed 
for  1/2  hour  at  SilOO^C.  In  addition,  one  specimen  wa3  tested  in 
the  as  worked  condition  and  a  second  after  an  anneal  at  l850°C 
for  1/2  hour.  The  specimens  were  electropolished  to  remove 
approximately  0.005  in.  from  the  gage  diameter  before  testing 
at  a  strain  rate  of  0.005  min"-*-.  The  test  tempera.'. res  were 
measured  with  two  iron-constantan  thermocouples.  Because  of 
the  gripping  arrangement,  only  one  thermocouple  could  be  attach¬ 
ed  to  the  gage  section.  The  other  was  attached  to  the  tensile 
head .  The  average  temperature  difference  between  the  two  loca¬ 
tions  (/v^O.5  in.  apart)  was  +  5“C  and  considered  to  be  inconse¬ 
quential.  , 
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The  stress-strain  behavior  is  depicted  schematically 
in  Fig.  11.  In  Region  I  (<C140°C),  the  material  fractured  In 
a  completely  brittle  manner.  In  Region  II  (l40-200°C),  yield 
points  were  observed  and  the  mode  of  fracture  changed  from 
brittle  to  ductile.  Examination  of  the  surfaces  of^the  gage 
sections  of  the  fractured  tensiles  did  not  reveal  Luders  band 
markings,  although  most  specimens  fractured  within  the  Luder3  . 
strain  region.  The  specimens  tested  at  176°C  and  193°C  had  a 
yield  point  followed  by  a  Luder3  -'train,  work  hardening,  and 
necking  prior  to  fracture  (Fig.  li).  In  Region  III  (>200°C), 
the  alloy  exhibited  the  typical  flow  curve  of  a  ductile 
material. 

The  ductility  ($  R.A.)  Is  plotted  In  Fig.  12.  In¬ 
cluded  in  this  figure  are  data  on  pure  tungsten.  The  DBTT 
of  the  alloy  is  about  1901>C  with  a  ductility  tail  extending 
to  below  150°C.  This  compares  with  a  DBTT  of  about  300° C 
for  the  pure  tungsten  control. 

The  strength  properties  are  recorded  in  Table  12  and 
selected  parameters  from  this  table  are  plotted  in  Fig.  13. 

In  cases  of  ductile  fracture,  the  true  fracture  stress  (cor¬ 
rected  for  necking)  is  reported  (20).  In  those  cases  where 
fracture  occurred  prior  to  necking,  the  maximum  engineering 
stress  Is  reported.  The  temperature  dependence  of  the  yield 
stress  and  the  fracture  stress  is  typical  of  bcc  metals  in 
the  DBT  region.  In  the  fully  ductile  condition,  the  u.ue 
fracture  sti’ess  of  the  alloy  and  of  pure  tungsten  is  approxi¬ 
mately  the  same. 

A  DBTT  of  about  200° C  wa3  previously  reported  at  this 
laboratory  for  high  purity  tungsten  and  for  a  W  —3 . 8  v/o  ThOg 
alloy  tested  in  the  stress-relieved  (1560°C,  1/2  hour)  con¬ 
dition  (2,  21).  Y/hen  compared  with  the  DBTT  (/x^400°c)  of 
commercially  pure  tungsten  annealed  at  high  temperatures,  the 
DBTT  of  the  ThDW-YJHS  alloy  Is  significantly  lower.  The  latter 
alloy  also  has  higher  strength  at  low  temperatures  than  pure 
tungsten  or  the  previously  tested  W-3.8  v/o  Th02  alloy. 

The  effect  of  prior  deformation  In  the  ductile  tempera¬ 
ture  region  on  the  DBTT  is  confirmed  in  this  alloy,  in  that  an 
as  swaged  specimen  exhibits  6$  R.A.  at  room  temperature.  Anneal¬ 
ing  as  low  as  l800°C  destroys  thi3  ductility.  Never  the ''ess, 
after  annealing  at  2400° G  for  1/2  hour,  the  alloy  Is  more  duc¬ 
tile  than  pure  tungsten.  The  difference  in  the  DBTT's  (exceed¬ 
ing  100° C)  may  be  attributable  to  the  retention  of  a  substructure 
in  the  alloy.  More  Investigation  13  required,  however,  to  elu¬ 
cidate  this  supposition. 
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STRESS,  PSI 


FIG. II  SCHEMATIC  REPRESENTATION  OF  ENGINEERING 
STRESS  STRAIN  CURVES  OF  ThDW-WHS  AT  VARIOUS 
TEMPERATURE  REGIONS. 
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TEST  TEMPERATURE  *C 

F\Q,  IB  LOW  TEMPERATURE  OUCTIL, :  /  OF  ThDW 
PURE  TUNGSTEN 


Table  12 


Low  Temperature  Tensile  Properties  of  Pure  Tungsten 
and  ThDW-WHS,  Annealed  at  2400°C,  1/2  Hr.  Except 

as  Shown,  Tc..ted  at  0.005  mln~^ 


Temp. 

°C 

Prop. 
Limit, KSI 

Yield 

St re 3 a ,KSI 

Ult. 

Stres3,KSI 

Fract . 

St re ss, KSI 

% 

Elong. 

R.A. 

ThDW-WHS 

15* 

169 

(c) 

191 

191 

203 

0.4 

6 

15** 

— 

- 

— 

— 

145 

0 

0 

°3 

— 

- 

-• 

— 

— 

99 

0 

0 

115 

- — 

• 

— 

— 

— 

96 

0 

0 

141 

123 

;a) 

134 

~ — 

134 
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STRESS,  PS  I  x  10" 


FIG.  13  LOW  TEMPERATURE  STRENGTH  PROPERTIES  OF  PURE 
TUNGSTEN  AND  ThDW-WHS 


2 .  Elevated  Temperature  Tensile  Properties 

The  tensile  properties  of  the  ThDW-WHS  alloy,  processed 
both  by  self -resistance  sintering  and  swaging,  and  by  hot  press¬ 
ing,  extruding  and  swaging  (the  latter  is  designated  Alloy  No.  2 
in  accordance  with  previous  work  (i))  were  determined  over  the 
temperature  ranges  of  300-3000° C  and  1500-2400°C,  respectively. 

As  a  control,  pure  tungsten  was  tested  over  the  range  300~2400°C. 

The  materials  were  ground  into  buttonhead  tensile  speci¬ 
mens  (0.092  in.  gage  dia.  x  1.00  in.  gage  length)  for  tests  up 
to, and  including  2400°C  and  into  longer  tensile  specimens  de¬ 
signed  for  gripping  outside  the  hot  zone  (Pig.  14)  for  tests 
above  2400°C . 

Tests  were  performed  on  an  Instron  tensile  machine,  and 
most  tests  were  run  at  a  cross  head  speed  of  0.05  min"1  on  speci¬ 
mens  annealed  for  1/2  hour  at  2400° C.  The  tests  above  2400° C 
were  made  on  as  worked  material  at  a  strain  rate  of  0.1  min"1, 
except  as  noted.  The  effect  of  strain  rate  was  determined  to 
some  extent  by  comparing  the  slower  strain  rate  data  with  test 
results  obtained  at  a  strain  rate  of  2  min"1.  All  tests  were 
carried  out  in  vacuum  of  x  10"5mm  Hg.  Specimens  were  heated 
by  radiation,  A  cursory  evaluation  of  the  effect  of  annealing  was 
made  by  comparing  data  from  an  as  worked  material,  with  data  from 
material  annealed  at  2400° C  for  1/2  hour  and,  in  one  instance, 
annealed  at  2825°C  for  1/2  hour. 

a.  Test  Results 

All  tensile  test  results  are  summarized  in  Table  13. 
Pertinent  parameters  are  plotted  in  Pigs.  15  and  16,  and  true 
3 tress -true  strain  curves  for  ThDW-WHS  and  pure  tungsten  at 
various  temperatures  are  presented  Th  Fig.  17. 

Fig.  15  clearly  shows  the  outstanding  strength  prop¬ 
erties  of  the  alloy  ThDW-WHS.  At  the  lowest  test  temperatures, 
the  alloy  is  stronger  than  pure  tungsten  by  a  factor  of  1-1/2  to 
2.  The  ultimate  strength  ratio  increases  with  increasing  tem¬ 
perature,  and  it  reaches  the  value  of  about  5  at  2400°C.  The 
yield  strength  ratios  are  even  more  striking,  varying  from  about 
4  at  the  lowest  test  temperatures  to  about  6  at  2400° G.  These 
ratios  are  plotted  in  Fig.  10  for  complete  temperature  range. 
Included  in  Fig.  38  are  the  same  ratios  for  Alloy  No.  2.  The 
property  Improvements  in  Alloy  No.  2  are  not  as  favorable  as  in 
the  alley  ThDW-WHS. 


Elevated  Temperature  Tensile  Properties  of 
ThDW-WHS,  Alloy  No.  2  and  Pure  Tungsten 
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(a)  Annealed  2825°C,  1/2  Hr. 
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ENGINEERING  STRENGTH  PROPERTIES 

OF  PURE  TUNGSTEN  AND  W- 3.8V/OThO,  ALLOYS 


TRUE  STRESS,  PST  x  10 


8 


jloOOC 


II850C 


'// 


:400C 


ThDW-WHS 


IB50C 


PURE  TUNGSTEN 


10  0  10  20  30 

TRUE  STRAIN,  % 

FIG.  17  TRUE  STRESS-TRUE  STRAIN  TENSILE  CURVES  OF 
ThDW-^HS  AND  PURE  TUNGSTEN  AS  A  FUNCTION  OF 
TEMPERATURE  (CURVES  PLOTTED  BY  COMPUTER) 
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TEMPERATURE*  °C  x  10"  2 

FIG.  18  RATIO  OF  ULTIMATE  AND  0.2%  YIELD  STRENGTH  OF  W-ThO*  ALLOYS  TO 
THOSE  OF  PURE  TUNGSTEN  AS  A  FUNCTION  OF  TEMPERATURE 


The  ductility  (',5  Elong.  and  #  H.A.)  is  plotted  In 
Fig.  16.  ThDW-WHd  has  lower  ductility  than  pure  tungsten  up  to 
about  2000°C.  Auovc  that  temperature ,  the  ductility  of  Thl)W- 
WHS  is  equal  to  or  better  than  that  of  pure  tungsten.  Alloy 
TTo.  2  is  more  ductile  than  ThDW-WHS  in  the  temperature  range 
investigated. 


The  deformation  behavior  of  ThDW-WHS  is  signifi¬ 
cantly  different  from  that  of  pure  tungsten.  ""While  the  stress- 
strain  behavior  of  pure  tungsten  was  normal  ai  till  temperatures, 
both  'I’hDV,' -V.'H S  and  Alloy  No.  2  exhibited,  at  or  above  1000°C,  a 
behavior  wHich  could  be  attributed  to  work  softening  (22)  or 
early  plastic  instability.  To  distinguish  between  these  two 
possible  causes,  tests  at  2200° C  were  repeatedly  interrupted 
and  the  diameter  of  the  gage  section  measured.  It  was  thus 
determined  that  no  necking  was  occurring  through  an  extensive 
plastic  region,  although  the  slope  of  the  stress-strain  curve  a 
is  negative  after  a  few  per  cent  of  plastic  strain.  The  ob¬ 
served  behavior  must  therefore  be  attributed  to  work  softening. 


The  effect  of  strain  rate  is  as  expected  in  that 
the  strength  increases  with  increased  strain  rate.  The  In¬ 
crease  of  the  strain  rate  from  0.05  min--'-  to  2  min"^  results 
in  a  strength  Increment  of  about  20/,. 


2A00°C  for 
below  1650 
perature . 


4-1  - 


For  the  test  conditions  employed,  annealing  at 
1/2  hour  has  an  effect  on  strength  of  ^20/  at  or 
C.  The  effect  becomes  negligible  above  that  tem- 
Annealing  for  1/2  hour  at  2825°C  (one  test)  further 

r\A  ^  >  r~*  <"•  4-  — >  *■»  '  -  *4  U  *■>  4- 

A  VUUuQo  Ul  lv.  u  UA 


“T  0 


The  work  hardening  coefficients  were  calculated 
from  the  relationship  <Y  ~  K£n  for  ThDW-WHS  and  pure  tungsten 
over  the  entire  temperature  range  for  tlTe  specimens  annealed 
at  2-400cC  for  1/2  hour  and  strained  at  0.05  mln”i.  The  re¬ 
sults  for  the  alley  show  (Table  13  and  Fig.  19)  that  the  work 


\r  o  n  • 


‘m-Hi 


hardening  coefficient  varies  aa^ae  ever  wie  wnoau  i.umpei  a- 
ture  range  with  a  small  minimum  indicated  at  1200°C  and  a 
plateau  in  the  temperature  range  2000°C  to  3000°C.  The 
average  value  for  n  of  0.08  confirms  the  high  work  harden¬ 
ing  rate  of  the  ailoy.  On  the  other  hand,  the  viork  harden¬ 
ing  coefficients  for  pure  tungsten  are  higher  throughout  the 
entire  temperature  range  and  show  a  clear  trend  to  lower 
values  at  higher  temperature.  A  plateau  is  apparent  in  the 
temperature  range  800-lA00°C. 
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FIG. 19  EFFECT  OF  TEMPERATURE  ON  WORK  HARDENING  COEFFICIENTS  OF  PURE 
TUNGSTEN  AND  TUNGSTEN  THORSA  ALLOYS 


b «  Discussion  of  Tensile  Results 


There  can  be  no  question  that  significant  dispersion 
strengthening  has  been  achieved.  It  via o,  therefore,  of  in¬ 
terest  to  compare  the  yield  strength  (1/2  6~b  *=■  CK ,  v.’here  ZT0 
is  the  initial  flow  stress)  of  the  alloy  and  its  tempera¬ 
ture  dependence  with  theoretical  predictions .  For  this 
purpose,  calculations  were  made  on  the  basis  of  the  simple 
Orowan  model  as  extended  by  Kelly  and  Ficholson  (5)  (Kq.  3 
belov: ) : 


C  «=  cm°  +  7^7  p  in 


d-2r 


w&n yz 


Eq .  3 


whore  /  =  1/2  (l  +  777) 


The  following  values  have  been  used: 

G  (shear  modulus)  •=  3/8  E (Young's  modulus) 
b  (Burgers  vector)  *=  2.74  x  10~®cm 
d  (interpl.  spacing)  =  4.4  x  10~5cm 
•/  (Poissons  ratio)  0.33 
2r  (mean  particle  dla.)  =  4.0  x  10“^cm 
tm°  (matrix  shear  strength  of  pure  tungsten) 


in  tnis  equation  is  esstai- 


t.ially  that  of  the  shear  modulus,  as  calculated  from  dynamic 
modulus  data  (23).  Fig.  20  compares  the  experimental  results 
with  theoretical  predictions. 


The  comparison  shows  reasonable  agreement  in  the  values 
of  the  critical  resolved  shear  stress  up  to  about  1200°K  but 
appreciable  deviation  at  higher  temperatures.  Obviously,  the 
temperature  dependence  of  the  experimentally  determined  flow  stress 
is  greater  than  that  of  the  shear  modulus  which  is  the  only  temper¬ 
ature  dependent  parameter  in  the  theoretical  model.  Since  pris¬ 
matic  dislocation  loops  and  Jogs  were  seen  in  fractured  tensile 
specimens  (Fig.  21),  the  deviation  may  be  explained  on  the  basis 
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Fig.  21  Electron  Transmission  Micrograph  ol 
ThDW-WHS ,  Tensile  Tested  at  ?600°C, 
at  0.05  min’"1  -  7^00) 


of  thermally  activated  cross  slip,  a3  postulated  by  Hirsch  (24). 
The  latter  would  result  in  an  increase  in  the  effective  inter- 
planar  spacing,  as  suggested  by  Ashby  (25). 

A  calculation  of  the  activation  energy  which  can  be  derived 
from  the  effect  of  3train  rate  on  the  temperature  dependence  of 
the  flow  stress  should  further  elucidate  the  rate  controlling 
mechanism.  In  accordance  to  Seeger  (26),  the  flow  stress  is  re¬ 
lated  to  the  energy  ti0  needed  to  overcome  an  internal  stress  or 
to  cut  through  an  obstacle  by  the  following  equation: 


£  -  NAbVoexp  -  isagpxi 


Eq .  4 


where T*,  the  effective  stress  acting  on  the  dislocation  is 
equal  tof  (the  applied  stress)  minustg  (the  internal  stress 
due  to  other  obstacles).  The  other  parameters  have  their 
usual  meaning.  Eq.  4  can  be  rearranged  to  read  as  follows: 


<■'  =  TG  U0/Vf  -  KT  In  (Mb^O/Vf  Eq.  5 


A  plot,  therefore,  of C  versus  temperature  should  give  a  straight 
line  with  an  Intercept  at  0°K  equal  tc"C  q  +  lJ0/Vf,  or  as  express¬ 
ed  in  the  following  equation: 


r  =  Tg  +  Z*  with  Z-  *  «  U0/Vf  Eq  .  6 


In  order  to  calculate  Uc,  the  activation  volume  Vr  must  be  de¬ 
termined  and  an  estimate  ofT*  must  be  made.  The  slope,  M,  of 
the  straight  line  is: 


M  =  -IC  In  (C/t)A f  Eq.  7 


where  C  *=  NAb>^0  and  i3  assumed  to  be  constant.  Hence,  Vg  can 
be  calculated  by  applying  Eq.  7  to  two  different  strain  rates 
which  yields: 


Vf  =  -K  In  (f  2/il  )/AM 


Eq.  8 


A  plot  of  Z  versus  temperature  for  ThDW-WIIo  at  the  two  strain 
rates,  0.05  and  2  min”-1-,  is  shown  Tn  Pig.  22.  The  two 

strain  rate  curves  have  a  common  intercept  at  about  37,000  PSI 
(25.5  ^  ItAiynes/cm2 )  at  0°K,  By  substituting  the  experimental 
values, 0the  activation  volume  is  calculated  to  be  about  3  x 
10"2^cm,3 . 

The  agreement,  at  low  temperatures,  between  experimental 
data  and  the  extended  Orowan  model  (Fig.  20)  implies  that  Tq 
in  the  alloy  is  no  greater  than  Cq  of  pure  tungsten,  i.e., 
neither  the  incoherent  particles  nor  the  retained  defect  struc¬ 
ture  increases  the  effective  internal  stress  acting  In  the 
slip  plane.  By  extrapolating  Cof  pure  tungsten  to  0°K 
(Fig.  22),  the  maximum  value  of  Zq  is  found  to  be  about  6.2  x 
10°^ynes/cm-2 ,  and  hence  Z*  of  the  alloy  is  about  19  x  10°dynes/ 
cm”11.  Substituting  for  Vf  and  'C*  in  Eq.  6.  the  activation  en¬ 
ergy  U0  is  calculated  to  be  equal  to  about  3.8  eV. 

On  the  basis  of  Schoeck,  efc.al.  (27)  an  activation  energy 
of  3.8  eV  is  higher  than  required  for  the  thermal  activation  of 
cross  slip  in  bcc  metals.  However,  jogs  in  screw  dislocations, 
formed  here  by  cross  slip,  will  move  non-conservatively ,  and 
hence,  the  activation  energy  of  3.8  eV  could  represent  the  en¬ 
ergy  required  for  the  non-conservative  motion  of  jogs.  Indeed, 
energies  of  that  magnitude  for  the  formation  of  a  vacancy  have 
been  predicted  by  ^b*noeck  (28)  for  the  non-conservative  motion 
of  jogs.  The  value  of  3.8  eV  is  in  good  agreement  with  that 
expected  for  the  formation  of  vacancies  in  tungsten  (approxi¬ 
mately  1/2  the  activation  energy  for  self -diffusion  (29)). 

A  theory  of  work  hardening  by  Fisher,  et.al.  (6)  predicts 
that  work  hare' “ring  in  dispersed  second  phase  alloys  will  re¬ 
sult  in  a  great  er  strength  increment  than  in  the  pure  matrix 
due  to  an  Orowan  type  particle-dislocation  interaction.  The 
maximum  strength  inclement  predicted  is  0.1  of  the  shear  modu¬ 
lus,  and  this  maximum  would  be  reached  after  a  finite  strain 
corresponding  to  a  critical  stress  acting  on  the  particles  and 
depending  on  the  particle  size.  For  particles  smaller  than 
I00Q&,  this  critical  stress  is  directly  proportional  to  the 
shear  modulus  and  inversely  proportional  to  the  particle  radius. 

As  shown  in  Fig.  23,  the  strength  increment  in  both  alloys 
(ThDW-WHS  and  Alloy  No.  2)  reaches  a  maximum  after  less  than  3$ 
strain.  However,  while  the  theory  predicts  this  strength  to  re¬ 
main  constant,  i.e,,  no  further  work  hardening  to  occur.,  the 
strength  decreases  by  work  softening  as  discussed  earlier. 
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YIELD  STRESS  (072), PSI  x  10™ 


FIG. 22  EFFECT  OF  STRAIN  RATE  ON  THE  INITIAL  FLOW 
STRESS  OF  ThDW-WHS  AND  PURE  TUNGSTEN 


ALLOY  No.  2  AS  A  FUNCTION  OF  STRAIN 


Another  factor  in  agreement  is  that  the  ThDW-WHS  alloy- 
reaches  a  much  higher  strength  increment  than  does  Alloy  No.  2, 
which  has  a  coarser  dispersion  (1).  In  addition,  the  maximum 
increment  in  the  tensile  flow  stress  is  about  0.01E  (Hart  (30) 
predicts  0.1E) . 

The  temperature  dependence  of  the  strength  increment  is 
greater  than  that  of  the  shear  modulus,  in  disagreement  with  the 
model.  However,  as  pointed  out  earlier,  an  additional  tem¬ 
perature  dependent  mechanism  is  operating  in  these  alloys. 

3*  Cree  Properties 


Creep  tests  were  performed  in  the  ;ame  Instron  machine 
U3ed  for  tensile  testing  by  suspending  dead  weight  loads  from  the 
lowpr  pull  rod.  The  vacuum  at  test  temperature  was  about  5  x 
10~J  torr,  and  the  specimens  were  heated  by  radiation  from  a 
tungsten  heating  element.  The  loads  included  a  tare  weight  of 
8.2  lbs.  representing  the  effect  of  vacuum  on  the  pull  rod  and 
the  slight  friction  caused  by  the  vacuum  compression  seal,  a 
Neoprene  gasket  in  contact  with  the  pull  rod  surface.  The  com¬ 
pression  seal  was  later  replaced  by  a  bellows  seal  to  determine 
whether  or  not  the  friction  seal  had  affected  the  creep  measure¬ 
ments;  the  data  obtained  were,  however,  essentially  identical  to 
these  obtained  with  the  friction  seal. 

Extension  of  the  specimen  during  creep  was  measured  by 
a  dial  gage  which  reads  directly  to  one  micron.  The  uncertainty 
in  the  dial  position  was  less  than  0.5p-.  Hence,  the  lowest  creep 
strain  which  could  be  detected  was  approximately  4  x  10_3, 

The  tests  performed  were  creep  rupture  tests,  temperature 
cycling  tests,  and  t  5st3  involving  changes  of  stress  at  constant 
temperature.  All  test  materials  were  annealed  at  2400° C  for 
1/2  hour  except  where  otherwise  Indicated  in  Table  14.  Pure 
tungsten  was  used  as  the  control. 

In  order  to  avoid  spurious  effects  which  might  arise 
through  maintaining  the  specimen  under  load  while  the  furnace 
was  not  at  thermal  equilibrium,  a  specimen  was  loaded  to  a 
stress  level  insufficient  to  cause  measurable  creep  in  periods 
of  hours,  and  the  temperature  cycled.  Reprcducibly ,  the  tem¬ 
perature  could  be  changed  100° C  in  either  direction,  and  the 
system  returned  to  complete  equilibrium  within  5  minutes. 
Therefore,  in  subsequent  runs  when  changing  temperature,  the 
test  specimens  were  unloaded  and  reloaded  after  6-7  minutes. 


59 


! 


Table  14 


Creep  Rupture  Data  for  ThDW~WHS 

and 

Stress*  KSI 

10 

Pure  Tungsten  at  2200° C 

Annealing  £ (Steady  State ) 

TemD. .  °C  min-1  x  10* 

Tine  to  Rupture 
(mlnj_ 

2400 

ThDW-WHS 

4.6 

Cooled  under  load 
after  75  min. 

11 

it 

9.5 

144 

13 

n 

26,0 

39 

14 

if 

56.0 

22 

10 

3100 

7.5 

45 

11 

2900 

4.3 

Pure  Tungsten 

Cooled  under  load 
after  30  min. 

3.5 

2400 

13.0 

39 

3.4 

it 

9.0 

55 

7.6 

n 

— 

1 
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a.  Experimental  Results 

The  creep  rupture  data  of  ThDW-WHS  and  pure  tungsten 
at  2200°C  are  summarized  in  Table  14.  The  one  and  10  hour  creep 
rupture  strengths  of  the  two  materials  at  2200° C,  as  calculated 
from  a  Larson-Miller  plot  (Pig.  24),  i3,  respectively,  12,500  PSI 
and  9,500  PSI.  for  ThDW-WHS  and  3>700  PSI  and  2700  PSI  for  pure 
tungsten.  The  alloy  has  a  creep  rupture  strength  which  is  higher 
than  that  of  pure  tungsten  by  a  factor  of  ^_,4.  It  can  be  further 
seen  (Tabic  14  and  Fig.  2'! )  that  annealing  at  3100°C  does  not  sub. 
stantially  lower  the  creep  rupture  strength  of  the  alloy. 

Data  derived  from  temperature  cycling  tests  have  been 
compiled  In  Table  15.  Typical  creep  curves  for  ThDW-WHS  and  for 
the  pure  tungsten  control  obtained  by  cycling  between  2200° C  and 
2100°C  arc  reproduced  in  Fig.  25*  The  ThDW-WHS  creep  behavior 
was  characterized  by  the  following  distinct  features: 

1.  When  the  test  temperature  i^as  decreased,  delay 
times  from  3  to  14  i,  lnutes  duration  were  ob¬ 
served  with  one  exception.  In  some  cases,  these 
viere  preceded  by  a  transient  creep  stage. 

2.  When  the  temperature  was  increased,  delay  times 
were  absent;  however,  a  transient  creep  stage 
was  normally  observed. 

3.  Creep  tended  to  become  more  erratic  after  anneal¬ 
ing  at  temperatures  above  2400°C  and/or  after 
strains  in  excess  of  1-2/. 

Creep  of  pure  tungsten  occurred  in  an  ei’ratic  fash¬ 
ion  and  was  accompanied  by  transient  creep  following  a  tempera¬ 
ture  change.  Data  obtained  as  the  result  of  changes  in  stress 
at  constant  temperature  are  summarized  in  Table  16.  This  table 
includes  activation  volumes  calculated  in  the  usual  fashion  in 
accordance  to  Eq.  9. 


Delay  times  were  not  observed  on  decreasing  the 
load,  and  transient  creep  was  negligible. 
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O  ThDW-WHS  ANNEALED  £  HR.  AT  2400*  C 

A  "  . .  11  SiOO*  C 

0  UNALLOYED  TUNGSTEN  ANNEALED  i  HR. 
AT  2400° C 
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FIG. 24  LARSEN-MILLER  PLOT  OF  CREEP  RUPTURE  DATA 


80 


62 


CREEP  STRAIN,  IN /IN  10 


FIG. 25  TYPICAL  CREEP  CURVES  OF  ThDW-WHS  AND  PURE  TUNGSTEN  RESULTING 
FROM  TEMPERATURE  CYCLING  TESTS  AT  CONSTANT  STRESS 
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b .  Discussion  of  Creep  Results 

The  exceptional  high  strength  of  ThDW-WHS  is  also 
confirmed  in  the  creep  rupture  properties  of  this  alloy.  Of 
particular  significance  is  the  fact  that  after  annealing  at 
3100°C,  good  creep  rupture  strength  is  retained.  In  this  case, 
this  must  be  attributed  directly  to  the  dispersion,  since  the 
substructure,  as  discussed  earlier  in  this  report,  is  com¬ 
pletely  removed  by  this  anneal  C>0.9  Tm). 

The  mechanism  responsible  for  the  creep  strength 
of  ThDW-WHS  is  not  clearly  evident.  The  attempt  to  determine 
the  apparent  activation  energy  controlling  the  creep  rate  from 
Eq.  4  is  complicated  by  the  transient  creep  effects  and  the 
erratic  creep  behavior  of  both  the  alloy  and  pure  tungsten. 
However,  by  ignoring  the  inaccuracies  introduced  by  these 
factors,  one  can  tentatively  interpret  the  data. 

As  Table  15  shows,  the  activation  energy  of  pure 
tungsten  at  low  strain  (<13/3)  is  ^220  Kcal/moie  and  the 
activation  energy  of  the  alloy  at  similar  strains  is  ^140  Kcal/ 
mole.  This  compares  with  an  activation  energy  for  self-diffusion 
of  tungsten  of  about  150  Kcal/mole  (29). 

Following  Schoeck  (28),  It  is  assumed  that  the  climb¬ 
ing  of  edge  dislocations  is  the  rate  controlling  process  in  high 
temperature  creep  and  that  jogs  must  be  present  for  this  process 
to  occur.  If  the  jogs  are  formed  by  thermal  fluctuations,  then 
the  activation  energy  will  be  equal  to  that  for  self -diffusion 
plus  the  energy  of  formation  of  a  jog.  However,  if  jogs  are 
formed  by  intersection  with  the  "forest”  dislocations,  then  the 
activation  energy  will  be  equal  to  that  for  self-diffusion. 

Using  Sceger's  Equation  (26): 

AHj  =  Gb2  Al/10  Eq.  10 


where  A1  i3  the  increase  in  length  of  the  dislocation  when  a  jog 
forms  and  is  estimated  to  be  about  b/2.  Substituting  for  A1  and 
using  the  empirical  relationship  Gb~50KTm,  one  calculates  the 
energy  of  formation  of  a  jog  in  tungsten  to  be  about  O.S  eV. 

The  comparison  of  these  theoretical  predictions  with 
the  experimental  results  indicates  that  for  Initial  creep  to 
occur  in  pure  tungsten,  thermal  activation  of  Jogs  is  required. 
Other  investigators  have  determined  creep  activation  energies  in 
pure  tungsten  of  170  Kcal/mole  (31).  In  the  alloy,  on  the  other 
hand,  jogs  are  formed  by  Intersection  with  the  retained  substruc- 
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t-ure  „  This  interpretation  is  supported  by  the  observed  decrease 
In  the  activation  energies  of  both  materials  with  increasing 
strain. 


To  explain  the  observed  higher  creep  strength  of  the 
alloy,  in  view  of  its  lower  activation  energy  in  relation  to 
pure  tungsten,  and  in  terms  of  Ea.  4,  one  must  consider  the  rel¬ 
ative  magnitudes  of  the  activation  volumes  of  the  two  materials 
(Table  16).  The  activation  volume  of  the  alloy  is  about  an 
order  of  magnitude  lower  than  that  of  pure  tungsten,  whereas 
U0  of  the  alloy  is  only  about  0.65  Do  of  pure  tungsten.  Hence, 
the  activation  volume  is  the  dominating  term  in  the  exponent  of 
Eq.  4. 


F .  Characterization  of  Experimental  Alloys 
1 •  Optical  ?4le  restructures 

The  alloys  which  exhibited  significantly  improved  strength 
were  examined  by  conventional  metallography  in  the  as  worked  con¬ 
dition.  These  were  compared  with  head  and  gage  sections  of  speci¬ 
mens  which  were  tensile  tested  at  2400aC  after  1/2  hour  anneal  at 
2400°C.  Figs,  26  and  27  demonstrate  changes  effected  by  the  anneal 
alone  and  the  anneal  plus  strain.  For  comparative  purposes,  micro¬ 
graphs  of  ThDW-WHS  are  included  (Fig.  28), 

As  distinct  from  the  ThDW-WHS  alloy,  all  the  as  worked  ex¬ 
perimental  alloys  show  a  finer  but  also  elongated  grain  structure 
with  grain  width  varying  from  one  to  several  microns.  Following 
the  anneal,  the  grain  widths  increase  by  a  factor  of  2  to_3,  Some 
particle  coarsening  is  also  observed  (Figs.  26  and  27).  an  addi¬ 
tion,  although  it  is  not  demonstrated  in  the  microgi rphs,  exag¬ 
gerated  grain  growth  was  observed  in  both  the  head  and  gage 
sections  cf  ThDW-2  (conventional  extrusion)  and  ThDW-WHS  (Alloy 
'No.  2-2)  with  some  grains  reaching  a  size  The  strained 

gage  sections  in  most  cases  show  still  greater  grain  broadening, 
and  a  higher  area  of  abnormally  large  grains.  This  may  possibly 
be  the  result  of  strain  Induced  growth. 


nvi  -a  -x  , 


No  attempt  was  made  to  analyze  ThOg  particle 
tribution  by  optical  microscopy.  A3  has  been  pointed  out  earlier, 
magnifications  ^50QGX  are  essential  to  even  qualitatively  assess 
these  parameters. 


2 .  Replica  Electron  Microscopy 

Electron  microscopy  of  carbon  replicas  was  used  *n  the 
program  to  observe  particularly  the  nature  and  behavior  of  the 
second  phase  particles  and  structural  changes  at  sequential 
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Optical  Micrograph  of  W-Th02  Alloys  -  1500X 

Top:  ThDW-1  (High  Rate  Extrusion)  Bottom:  ThDW-2  (High  Rate  Extrusion) 

(a)  As  Worked  90$  R.A,  by  Swaging;  (b)  Head  Section  of  Fractured  Specimen 
Annealed  at  2400°C  for  1/2  Hr.  Before  Testing  at  2400°C;  (c)  Gage  Section  of 
Fractured  Specimen  Annealed  at  2400°C  for  1/2  Hr.  Before  Testing  at  2400°C. 


stages  throughout  processing.  Numerous  modifications  in  the  sam¬ 
ple  preparation  technique  were  made  during  the  investigation  to 
improve  efficiency  and  quality  of  the  resulting  specimens.  The 
technique  ultimately  arrived  at  is  shown  in  Table  17.  The  C-Pt 
pellets  which  were  used  were  established  to  be  superior  to  WOg, 

Au,  or  Pt  from  the  standpoint  of  resolution.  All  micrographs'3 
v/ere  taken  on  the  Hitachi  HU-11,  at  100  KV  (75  KV  was  used,  in  a 
few  instances). 

Fig.  09  pictures  the  alloys  (1.25  in.  dia.  billets)  after 
hot  pressing.  At  this  stage,  the  density  of  the  alloys  ranges 
from  Qlfo  to  92^  of  theoretical  density  (Table  4).  In  relation  to 
the  fine  powder  used  for  preparation,  it  is  evident  that  some 
grain  growth  has  occurred.  It  will  be  noted  that  the  second 
phase  particles  are  not  clearly  brought  out,  at  this  stage  of 
processing,  by  the  technique  employed  so  that  any  particle  size 
differences  which  may  exist  cannot  be  deduced  from  these  replicas. 
The  alloy  W-5  w/o  Cn-3.8  v/o  ThOg  appears  to  have  undergone  the 
greatest  grain  growth  during  hot  pressing. 

Figs.  30  and  31  show  the  W-ThQp  alloys  after  extrusion. 
Marked  structural  differences  are  already  evident.  Replicas  of 
all  alloys  show  further  grain  growth  in  varying  degrees,  with 
ThDW-1  showing  a  iistinctly  elongated  structure.  ThDW-3»  the 
only  conventionally  extruded  alloy  shown,  reveals  the  most 
marked  growth  (Fig.  30).  Thoria  particles  are  distinctly  vis¬ 
ible  in  all  alloys  and  range  in  size  from  ^0.1/j.  to  2a.  ThDW-1 
is  seen  to  have  the  finest  distribution  (^  0.3, u.  mean  size  esti¬ 
mated),  while  ThDW-3  contains  almost  exclusively  particles  on 
the  order  of  2;->,  dia . 

Figs.  32,  33,  34,  35  =  and  36  depict  the  condition  of' 
the  alloys  after  deformation  by  swaging  (1>90^  R.A.).  At  this 
stage  of  processing,  the  differences  among  the  alloys  are  very 
marked,  and  particles  are  distinctly  resolved  in  all  systems. 
Alloys  ThDW-1  and  2,  and  ThDVJ-WKS  (Alloy  No.  2-2)  show  extremely 
fine  dispersions  (estimated  ueari  particle  size  ^O.lu),  while 
ThDW-3  and  4  show  essentially  no  fine  dispersion.  It  should  be 
noted,  however,  that  fine  particles  are  considerably  less  dis¬ 
tinct  (in  some  cases  not  seen  at  all)  in  transverse  sections. 

Figs.  37,  38,  39,  40 j  and  41  represent  the  condition  of 
the  alloys  after  tensile  testing.  The  rep?,icas  were  made  from 
fractured  tensile  specimens  which  were  annealed  for  1/2  hour  at 
2400°C  and  tested  at  2400° 0 .  An  obvious  change  from  the  as 
worked  structures  is  the  rounding  of  all  larger  particles.  With 
regard  to  the  fine  particles  the  micrographs  reveal  some  areas 
where  their  density  is  significantly  higher  than  observed  in  the 
as  worked  specimens.  This  is  believed  to  result  from  an  etching 
phenomenon.  With  regard  to  particle  coarsening,  examination  of 
many  micrographs  leads  to  the  tentative  conclusion  that  it  occurs 
to  only  a  slight  extent,  if  at  all. 
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Table  17 


Flow  Sheet  for  the  Preparation  of  Replicas 


1.  Polish  specimens  through  papers  in  standard  fashion.  Per¬ 
form  final  polishing  on  automatic  polisher-lapper  with 
Linde  B  alumina  untix  structure  begins  to  appear  without 
etching. 

2.  Etch  with  Murakami’s  reagent  for  2  seconds. 

3.  Immerse  in  ultrasonic  cleaner  (detergent  in  water)  for 
/■v/5  minutes.  Rinse  several  times. 

4.  Using  BioDn  and  Methylacetate  "blot"  specimen  surface  2 
or  3  times. 

5.  Make  plastic  replica  with  BioDn  and  Methylacetate  and, 
after  drying,  strip  from  specimen. 

6.  Shadow  plastic  replica  with  C-Pt  mixture  at  /o5  x  10  “6  torr 
(15-20°  inclination) . 

7.  Deposit  carbon  perpendicularly  on  plastic  replica  in  Ijj. 
Argon . 

8.  Place  plastic-carbon  replica,  carbcn  side  down5on  drop  of 
melted  BioDn  wax  on  glass  slide, 

9.  Gently  acove  replica  into  sections  of  appropriate  size. 

10.  Immerse  slide  and  r  U  f-1 1  i-L Cl  — - 1 J.  I’iC  vlaj^  1  acetate  and  slowly  heat 
to  ^ 60°C.  Hold  at  that  temperature  for  <->^1  hour. 

11.  Pick  up  detached  pieces  of  carbon  on  grid,  and  straighten 
them  by  dipping  them  first  in  an  80  acetone/20  water  solu- 
tioxi  and  then  immediately  in  distilled  water. 

12.  Dry  for--»l  hour  at  30-40°C. 
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Replicas  of  As  Pressed  Alloys;  Billet  Diameter 


Carbon  Replicas  of  W-ThC>2  Alloys  As  (High  Rate)  Extruded 
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G.  Mechanical  Properties  of  Experimental  Alloys 


Tensile  testing  was  conducted  on  specimens  of  the  dimen¬ 
sions  used  throughout  this  work  (Buttonhead  with  0.093  in.  gage 
dia.  x  1  in.  gage  length).  All  specimens  were  annealed  at  2400°C 
for  1/2  hour  in  vacuum  (10“5  torr)  before  testing.  Strain  rate 
was  0.05  min-1,  and  standard  temperatures  of  testing  were  1500'’ C, 
l850°C,  and  2400°C.  The  tensile  properties  derived  from  test3 
are  presented  in  Table  18  and  the  ultimate  tensile  strengths 
plotted  in  Fig.  42.  The  properties  of  the  ThDW-WHS  and  Alloy 
No,  2-2  are  also  listed  for  comparison. 


It  is  readily  evident  at  the  higher  test  temperatures 
that  the  tensile  strengths  of  the  alloys  prepared  by  doping  in 
the  reduced  metal  powder  stage  (ThDW-3  and  4)  are  inferior  to 
those  doped  on  the  oxide  (ThDW-1  and  2).  The  properties  of 
ThDW-1  show  the  greatest  strengthening  observed  in  any  of  the 
alloys  tested  at  the  lowest  test  temperature  (1500°C),  but  its 
strength  decreases  rapidly  with  Increasing  temperature  until  it 
is  about  equal  to  that  of  ThDW-2  at  2400° C.  The  strength  of 
ThDW-2  is  about  the  3ame  or  slightly  le33  than  that  of  the 
ThDW-WHS  alloy. 

Since  the  quantity  of  the  material  for  test  was  limited, 
a  thorough  evaluation  of  all  the  parameters  wag  not  possible. 
However,  three  rather  definite  comparisons  are  warranted: 

1.  Hot  Pressing  vs.  Self -Resistance  Sintering:  Two 
alloys — ThDW-WHS  and  ThDW-2 — were  prepared  by  both 
techniques.  Tn  both  cases,  the  self -resistance 
sintered  materials  display  a  slightly  greater  ulti¬ 
mate  tensile  strength  and,  generally,  a  slightly 
higher  ductility. 

2.  Low  vs.  High  Swaging  Temperature :  Variations  in 
swaging  temperature  (ThDW-4 ]  showed  improved  prop¬ 
erties  for  the  1500° C  preheat  temperature  as  com¬ 
pared  to  the  1700°C  temperature. 


3.  Dynapak  vs.  Conventional  Extrusion:  The  comparison 
of  high  rate  vs.  standard  extrusion  (ThDW-2  and 
ThDW ~4 )  is  not  consistent,  i . e . ,  high  rate  extrusion 
is  marginally  more  effective  for  strengthening  In 
ThDW-4  while  standard  rate  is  distinctly  more  effec¬ 
tive  in  ThDW-2.  However,  it  must  be  kept  in  mind 
that  ThDW-4  was  doped  on  the  metal  powder. 


.Eteta  of  -Experimental  W-ThOg  Alloys  Annealed  1/2  Hr,  at  2400°C 
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All  alloys  not  otherwise  designated  were  swaged  at  170 0°C. 


60 


</) 

I 


55 

50 

45 

40 

351 


o 
z 

UJ3Q 
cc 
H 
</> 

UJ  15c 

»-25 


§20 


15 


in 


ThDW- 

ThDW- 

ThDW- 

ThDW- 

ThDW- 

ThDW- 

ThDW- 

ThDW 

ThDW 

ThDW 


&HS  (SELF  RES.  SINT.) 

■\fl£HS  (HIGH  RATE  EXT.) 

(HIGH  RATE  EXT.) 

2  (CONV.  EXT.) 

■2  (HIGH  RATE  EXT.) 

2  (SELF  RES.  SINT.) 

3  (CONV.  EXT.) 

■4  (HIGH  RATE  EXT.) 

4  (CONV  EXT.) 

4  (CONV  EXT. ,  SWAGED -1 500  C) 


PURE  TUNGSTEN 


l  l  «  ■  »  —«■■-»  1  ■  -  J  ■■■■»■  - - » 

15  16  17  18  19  20  21  22  23  24 

TEMPERATURE  ( X  x  I0"2) 

FIG.  42  ULTIMATE  TENSILE  STRENGTHS  OF  W-ThO£  ALLOYS  AS  A  FUNC¬ 
TION  OF  TEMPERATURE. 
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H .  Discussion  of  Experimental  Alloy  Results 


The  preparation  and  processing  of  the  four  experimental  alloys 
were  planned  to  explore  the  effects  of  a  number  of  parameters  on 
tensile  properties.  The  data  which  resulted  will  be  discussed  as 
it  relates  to  the  areas  of  chemical  processing,  agglomeration  in¬ 
hibitors,  thoria  concentration,  consolidation  method,  break-down 
method  and  thermo-mechanical  effects,  in  that  sequence.  A  final 
section  will  be  concerned  with  replication  results. 

The  properties  determined  demonstrate  unequivocally  that  major 
property  differences  arise  in  the  W-ThOg  system  a3  a  function  of 
mode  of  incorporation  of  the  second  phase.  In  the  two  superior 
alloys  (ThDW~l  and  2),  the  most  notable  difference  is  the  addition 
of  the  Th(N03)zj,  solution  to  the  oxide  powder  prior  to  reduction, 
rather  than  to  the  metal  powder  after  reduction.  The  use  of  tumble 
drying  in  the  preparation  of  these  alloys  may  have  contributed  to 
strength  improvement,  but,  in  view  of  the  poor  properties  of  the 
freeze  dried  batch  (ThDW-3),  in  which  it  is  difficult  to  conceive 
appreciable  Th(N03)4  segregation  during  drying,  it  is  believed 
that  tumble  drying  is  not  the  influential  factor.  This  leads  to 
the  conclusion  that  porosity  in  the  oxide  powder  (or  some  other 
morphological  characteristics)  is  the  cause  in  promoting  the 
desired  dispersion.  This  result  is  in  general  agreement  with 
earlier  experiences  at  this, laboratory  in  that  the  introduction 
of  ultrafine  thoria  powder  to  WO3  did  not  yield  a  significant  in¬ 
crease  in  high  temperature  tensile  strength  (32).  Maykuth,  et.al. 
(4)  have  also  reported  severe  agglomeration  of  thoria  during  con¬ 
solidation  in  a  system  in  which  the  Th(N03)4  solution  was  added  to 
a  reduced  metal  powder. 

In  previous  work  (l),  it  was  indicated  that  A1  and  Si  compound 
additions  were  effective  in  inhibiting  agglomeration  of  Th02  par¬ 
ticles.  In  the  present  work,  the  same  effect  is  also  Indicated, 

The  exceptional  tensile  strength  of  the  ThDW-1  alloy  at  1500°C 
may  reflect  a  finer  dispersion  or  may  simply  reflect  the  additional 
concentration  of  second  phase  which  results  (as  in  the  case  of 
commercial  lamp  tungsten)  from  the  addition  of  these  salts.  The 
sharp  drop  in  strength  at  higher  temperatures  can  be  explained  on 
the  basis  that  the  Al  and  Si  compounds  would  be  expected  to  begin 
liquefying  around  the  lowest  test  temperature  and  to  become  com¬ 
pletely  liquid  above  2050°C  (this  does  not  consider  possible  two 
and  three  component  phases  with  ThOg).  Fabrication  results  show 
that  the  workability  of  this  alloy  has  been  impaired  by  the  addi¬ 
tion  of  the  Al  and  Si  compounds. 

In  regard  to  dispersoid  concentration,  the  direct  comparison 
of  the  properties  of  ThDW-2  (self-resistance  sintered)  and  ThDW- 
WHS,  with  5.7  v/o  and  3.8  v/o  Th02,  respectively,  shows  that  the 
Increased  amount  of  Th02  did  not  appreciably  enhance  the  high 
temperature  strength.  A  similar  effect  was  observed  by  Fraser, 
et.al.  (33)  In  a  Ni-Th02  system.  This  result  may  be  attributed 


90 


to  a  higher  degi*ee  of  agglomeration  in  the  5-'/  v/o  alloy  which 
might;  be  expected  to  arise  either  from  the  closer  proximity  of 
the  particles  during  processing  or  conceivably  from  the  in¬ 
ability  of  the  tungsten  oxide  particles,  as  a  result  of  their 
morphology  to  effectively  retain  additional  Th02 . 

The  strength  advantage  of  alloys  consolidated  by  self-re¬ 
sistance  sintering  over  those  consolidated  by  hot  pressing, 
though  small,  is  believed  to  be  significant.  It  Is  suggested 
that  the  diffarence  observed  may  be  due  to  a  more  thorough  re¬ 
moval  of  trace  impurities  by  self -resistance  sintering  in  H2 
and/or  to  a  minor  pick-up  of  carbon  from  the  mold  in  hot  press¬ 
ing. 

The  mechanical  property  data  derived  from  materials  in 
which  the  breakdown  technique  was  varied  (high  rate  e-xtruslon 
vs.  conventional  extrusion,  vs.  direct  swaging )  can  be  in¬ 
terpreted  to  show  that  the  material  properties  arc  relatively 
insensitive  to  the  range  of  techniques  employed „  This  broad 
latitude  of  feasible  breakdown  techniques  Is  quite  encouraging 
for  future  work. 

The  slightly  improved  strength  of  the  ThDW-4  alloy  swaged 
at  the  lower  temperature  does  not  necessarily  predict  similar 
improvements  in  the  higher  strength  alloys.  However,  in  view 
of  the  marked  dependence  of  the  strength  of  TD-nlckel  on  thermo¬ 
mechanical  treatment  (3*0>  such  a  prediction  is  believed  rea¬ 
sonable,  and  further  work  is  warranted  in  this  area.  At  this 
point,  it  Is  significant  to  note  that  grain  size  (which  is  a 
result  of  thermo-mechanical  treatment)  is  not  reflected  in  the 
relative  strengths  of  the  alloys.  In  fact,  the  strongest  alloy 
at  2400° C  (ThDW-WH3)  having  a  lower  ThC>2  concentration  and  a 
particle  size  ana  distribution  quite  similar  to  ThDW-1  and  2, 
has  a  grain  size  orders  of  magnitude  larger  (Pigs.  26,  27,  and 
28).  In  this  light,  the  strength  of  that  alloy  must  arise 
solely  as  a  result  of  retained  substructure  and/or  of  the  second 
phase  particles. 

The  large  number  of  replica  micrographs  taken  (80-50  speci¬ 
mens,  ^  500  plates)  to  implement  the  present  study  reveal  numer¬ 
ous  interesting  but-~in  many  cases--Incompletely  understood 
effects.  As  noted  earlier,  transverse  sections  consistently 
showed  fewer  fine  particles  than  longitudinal  ones;  also,  a3 
may  be  seen  from  the  replica  micrographs  as  a  whole,  different 

- .in - -  -r*  _  „  i - - - - -  .a - 1 - J  J  — - J  — -  ^  n  \  r-..r  ~  ^  ~  ~  ♦- 

uui’i  exc  x  iiaourciJ  WtTC  a.ix  vuj.'J.vjuo  o  c.u  l  oouxu 

of  etching  (c.g.  many  micrographs  show  a  clear  effect  of  ani¬ 
sotropic  etching).  All  of  these  effects  compounded  the  uncer¬ 
tainty  in  attempting  to  quantitatively  evaluate  particle  size 
and  distribution  from  surface  replicas. 
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The  frequency  with  which  fine  particles  av’e  observed  at  the 
apices  of  etch  pits  is  construed  to  indicate  either  a  3train 
field  associated  with  the  particles  (contrast  effects  of  such 
a  field  have  not  been  observed  in  transmission)  or  the  associ¬ 
ation  of  particles  with  dislocations  (this  has  been  observed 
in  transmission  on  the  ThDW-WHS  alloy).  Quite  frequently, 
small  "pits”  are  observed  around  the  periphery  of  larger  par¬ 
ticles  (e.g.  Fig.  36,  right,  a.  and  b).  No  concrete  explanation 
can  be  advanced  for  this  pnenonenon,  though  it  may  be  conjectured 
to  result  from  impurity  segregation  and  subsequent  selective 
etching.  In  a  number  of  specimens  (e.g.  Fig.  40,  gage  section), 
an  apparent  porosity  is  frequently  evident  at  necks  and  ends  of 
the  laz'ger  particles  in  the  gage  sections  of  tensile  specimens 
tested  at  2400°C.  This  can  tentatively  be  attributed  to  frac¬ 
turing  of  these  particles  as  a  result  of  stresses  applied  to 
them  due  to  the  matrix  deformation.  Such  fracturing  would 
presumably  be  inhibited  under  the  essentially  hydrostatic  com¬ 
pressive  stresses  applied  during  fabrication. 

It  should  be  noted,  as  a  final  point,  that  there  is  rea¬ 
sonable  correspondence  between  the  replica  observations  on 
ThDW-WH3  and  the  extraction  and  transmission  observations 
presented  earlier.  Of  course,  with  particles  as  fine  as  those 
present  in  transmission  specimens,  a  greater  density  of  par¬ 
ticles  will  be  observed  because  of  the  thickness  of  the  foil. 
Nevertheless,  estimates  of  both  particle  size  and  interparti- 
clc  spacing  from  the  ThDW-WHS  replicas  are  in  fair  agreement 
with  the  same  parameters  presented  in  Table  9  for  extraction 
specimens. 


III.  W-Re-ThOp  Alloys 


The  development  of  a  dispersed  second  phase  alloy  with  a 
tungsten-rhenium  solid  solution  matrix  has  retained  consider¬ 
able  interest  because  of  the  beneficial  effects  of  rhenium  on 
the  low  temperature  ductility  of  tungsten  (35)  and  the  insig¬ 
nificant  strength  improvement  by  rhenium  alone  at  temperatures 
exceeding  2000°C  (36,  37).  Recently,  Maykuth,  et.al  (4)  have 
found  low  temperature  ductility  in  a  W-5  w/o  Re -2. 2  w/o  ThC>2 
alloy  produced  by  a  special  powder  metallurgy  technique,  but 
the  high  temperature  strength  properties  of  this  alloy  (deter¬ 
mined  only  to  ^1930°C  in  the  recrystallized  condition)  were 
not  much  better  than  those  of  pure  tungsten.  Earlier  high 
temperature  results  in  this  laboratory  on  w-23  w/o  Re-1.9  v/o 
ThOp  (37)  also  have  net  been  encouraging. 


The  work  discussed  in  the  following  was  concerned  only  with 
the  effects  of  a  thoria  dispersion  bn  the  high  temperature 
strength  properties  of  W-Re  alloys  of  varying  Re  concentration , 
This  emphasis  on  high  temperature  strength  rather  than  cn  low 
temperature  ductility  was  in  line  with  the  basic  objective  of 
this  contract  program. 

The  experimental  program  had  the  benefit  of  material  contri¬ 
butions  by  the  Chase  Brass  ant3  Copper  Company. 

A.  Preparation  of  Alloys 

The  alloy  compositions  listed  in  Table  19  were  selected  for 
this  program.  Unfortunately,  attempts  to  produce  alloys  No,  4 
and  No.  5  were  not  successful.  The  alloys  prepared  in  this 
laboratory  were  prepared  by  the  folloviing  technique: 

Elemental  powders  were  first  sieved  through  a  3^5  mesh  sieve 
and  then  blended  together  in  a  twin  shell  blender  for  20  hours. 
The  tv;o  elemental  powders  used  for  alloys  ThDb'/Ra -1  and  ThDVJ / 
Re-2  were  powder  from  the  experimental  batch  ThNVJ-2  (Section  II- 
A-l)  and  pure  rhenium  powder  purchased  from  the  Chase  Brass  and 
Copper  Company. 

The  blended  composition.':  were  pressed  at  30  KSI  into  24  in. 
long  x  O.375  in.  sq.  bars.  With  the  exception  of  composition 
No.  4,  no  problems  were  encountered  in  pressing.  Composition 
No.  4  (VJ-5  w/o  Re -5  v/o  ThC>2)  did  not  press  readily,  in  that 
the  pressed  ingot  was  very  fragile.  The  fourth  pressing  attempt 


finally  yielded  two  pieces  of,  swagable 


igth  . 


All  rNT'GSc50d. 


(including  two  sections  from  Alloy  No.  4)  were  presintered  in 
H2  at  1100° C  for  1  hour.  Bars  of  alloys  Nos.  1,  2,  3*  and  5 
were  then  self-resistance  sintered  in  H2  to  the  densities  list¬ 
ed  in  Table  19  by  raising  the  temperature  within  10  minutes 
from  room  temperature  to  about  2300°C  and  holding  at  2800° C 
for  20  minutes.  Composition  No.  4  which  did  not  yield  a  press¬ 
ed  bar  of  sufficient  length  for  seif-resi3tance  sintering  was 
vacuum  sintered  (tv;o  7  inch  lengths)  at  2750°C  for  45  minutes. 
As  normally  observed  In  tungsten  sintering,  the  vacuum  treat¬ 
ment  did  not  result  in  as  high  densities  as  the  self -.resistance 
sintering,  in  an  H2  atmosphere.  The  final  densities  were  16.0 
and  16.5  gm/cc,  respectively. 

Attempts  were  made  to  swage  the  sintered  ingots  from  pre¬ 
heat  temperatures  of  about  1850° C.  When  severe  cracking  was 
encountered  in  alloys  Nos.  2,  4,  and  5>  the  remaining  sound 
pieces  were  encapsulated  in  Mo.  In  spite  of  this  precaution, 
material  suitable  for  the  machining  of  tensile  specimens  was 
not  obtained  from  the  Alloy  No.  4  (W-5  w/o  Re-5  v/o  ThOp),  and 
only  a  piece  long  enough  for  two  tensiles  vms  obtained  from 
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Alloy  No.  5  (V.'-IO  w/o  Re-5  v/o  ThOo) .  Some  difficulty  was  also 
encountered  In  swaging  the  W-10  w/o  Re,  W/Re-Control  No.  2 
(Table  19). 

In  contrast  to  the  poor  material  yield  at  this  laboratory  , 
the  alloys  (CBC  Nos.  6-9)  from  Chase  Brass  and  Copper  Company, 
which  were  consolidated  by  a  similar  technique,  could  be  fabri¬ 
cated.  The  supplier  provided  the  following  processing  informa¬ 
tion: 


"Dry  blended  powders  were  pressed  into  9  inch  long 
x  9/16  in.  sq.  bars  at  60  XSI.  The  pressed  bars 
were  consolidated  by  presintering  at  l650eC  follow¬ 
ed  by  sintering  at  2550° C  brightness  for  3  hours, 
both  steps  carried  out  in  hydrogenc  The  sintered 
ingots  were  hot  worked  by  swaging.  When  at  1/2  in. 
dia.,  the  rods  were  annealed  in  hydrogen  for  *5  min¬ 
utes  at  2550°C  brightness  in  a  resistance  bell. 

The  material  was  then  further  hot  swaged  down  to 
size  with  about  15$  reduction  per  pass.  After  the 
finishing  pass  (0.188  in.  dia.),  the  samples  fur¬ 
nished  were  given  a  stress  relieving  treatment  of 
15  minutes  in  H2  at  l650°C." 


B .  High  Temperature  Tensile  Properties 

A  relatively  complete  set  of  high  temperature  strength  data 
was  obtained  up  to  2400° C,  Tests  were  conducted  in  vacuum  of 
<n_.I0~5  torr  on  specimens  annealed  for  i/2  hour  at  2400°C.  The 
strain  rate  was  0.05  min-1,  and  for  the  CBC-alloys  (Nos.  6-9), 
2,0  min"1  was  also  employed.  Hie  test  data  have  been  compiled 
in  Table  20.  Included  In  this  table  are  test  results  for  pure 
tungsten. 


The  effect  of  various  rhenium  concentrations  on  the  tensile 
strength  of  pure  tungsten  and  the  effect  of  thoria  on  W~Re  solid 
solutions  at  the  strain  rate  0.05  min“l  are  seen  in  Fig.  43.  To 


.  i  i 


ctnu  laciiitaie  tne  com¬ 


parison  with  the  temperature  dependence  of  the  tensile  strength 
of  pure  tungsten  and  the  superior  W-3.8  v/o  Th02  alloy  (ThDW- 
WHd) ,  the  data  are  replotted  in  Fig.  44.  In  addition,  the 
affect  of  strain  rate  is  displayed  in  Fig.  45. 


It  will  be  noted  that  rhenium  strengthens  tungsten  up  to 
2400°C.  Tne  strength  increment  (Fig.  46)  is  directly  propor¬ 
tional  to  rhenium  concentration  and  is  temperature  dependent 
but  drops  to  an  insignificant  value  above  2000°C  (<C  5000  PSl), 
being  essentially  concentration  independent  abov.  that  temper¬ 
ature  .  The  decrease  in  strength  with  increasing  temperature 
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Table  19 


Sintering  of  Cold  Pressed  Bars  and  Sm 


Sintered 


No. 

Designation 

Composition 

Density  g/cm- 

1 

W/Re -Control 

1 

W-5  w/o  Re 

18.35 

2 

VJ/Re -Control 

2 

W-10  w/o  Re 

18 . 45 

3 

U/Re-Control 

3 

W-25  w/o  Re 

18.00 

4 

ThDW/Re-1 

W-5  w/o  Re -5.0  v/o  Th02 

16.0  and  16.5 

5 

ThDW/Re-2 

VJ-10  w/o  Re -5.0  v/o  Th02 

18.2 

6* 

CBC-1 

Vi- 5  w/o  Re -3. 8  v/o  Th02 

— 

7* 

CBC-2 

VJ-IO  w/o  Re -3. 8  v/o  Th02 

— 

8* 

CBC-3 

W-15  w/o  Re -3. 8  v/o  Th02 

o* 

CBC-4 

W -24  w/o  Re -3. 8  v/o  ThC2 

*  Supplied  by  the  Rhenium  Division  of  the  Chase  Brass  and 
Copper  Company,  Waterbury,  Connecticut* 


T 
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High  Temperature  Tensile  Properties  of  Annealed  (1/2  Hr.  2400°C) 
VJ-He  and  W-Re  Dispersed  Phase  Alloys  Tested  at  0.05  min'  ^ 
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Derived  from  Engineering  Stress -Strain  Curve 
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Derived  from  Engineering  Stress -Strain  Curve 
-0.05  min"1  strain  rate 
-2.0  min"1  strain  rate 


ULTIMATE  STR£NGTH,PSIx!0" 


STRENGTH, PSI  x  !0~3  STRENGTH,  P$I  *  10" 


temperature,  *c 

FIG. 44  COMPARISON  OF  THE  HIGH  TEMPERATURE  TENSILE 
STRENGTH  OF  ANNEALED  ( 1/2  HR.  2400*0  W-Ra 
AND  W-Re-Th02  ALLOYS  WITH  PURE  WAND  ThDW-^HS 
(C“0.05  MIN”1). 
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ULT.  STRENGTH,  PS  I  x  ICT3  ULT.  STRENGTH, PS ~  *  10“ 


TEMPERATURE ,  °C 

FIG.  45  THE  EFFECT  OF  STRAIN  RATE  ON  THE  HIGH  TEMPERA¬ 
TURE  TENSILE  STRENGTH  OF  W-Re-ThO£  ALLOYS 

( - €=0.Q5  MIN-1; - £«2.0  MIN“!). 
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FIG.  46  INCREMENTAL  CONTRIBUTIONS  OF:(I)  RHENIUM  TO  THE  STRENGTH  OF  PURE  W.d)  3J3 % 
THORIA  TO  THE  STRENGTH  OF  W-Re  ALLOYS,  AND  (HI)  RHENIUM  +  THORIA  TO  THE 
STRENGTH  OF  PURE  TUNGSTEN  (€:a005  MIN-1) 


is  thus  much  greater  for  the  alloy  with  the  highest  rhenium  con¬ 
centration  (Control  No.  3,  25  w/o  Re), 

The  3.8  v/o  thoria  dispersion  improves  the  strength  of  all 
V.'-Re  alloys.  For  the  low  rhenium  concentrations  (5  w/o  and 
10  w/o  Re),  the  thoria  contribution  at  1500°C  is  large  (/^ 50^5) ; 
for  the  high  rhenium  concentration  (25  w/o  Re),  its  contribution 
to  the  strength  at  the  same  temperature  is  20-/.  In  general, 
the  strength  increment  due  to  the  dispersed  second  phase  of 
thoria  is  much  less  temperature  dependent  than  that  due  to  the 
rhenium  solid  solution.  The  additive  effect  of  both  the  rhenium 
and  the  thoria  is  such  that  an  improvement  in  strength  (>5000  PSI) 
Is  achieved  up  to  2000° C  for  all  low  rhenium  concentrations. 

The  strength  Increment  due  to  rhenium  plus  thoria  at  1500°C 
is  equal  to  or  exceeds  that  resulting  from  thoria  alone  (Fig.  44). 
But  in  no  case  are  these  rhenium  containing  alloys  stronger  than 
W-3.8  v/o  11102  (ThDU-VJHS)  at  temperatures  >  1700°C. 

As  It  is  normally  observed,  the  tensile  strength  of  the  V.’-Re- 
ThOa  alloy  Increases  with  increasing  strain  rate  (Fig.  45).  The 
strength  Increment  resulting  from  a  change  in  strain  rate  from 
0.05  min'1  to  2.0  mln“l  appears  to  be  little  affected  by  either 
rhenium  concentration  or  by  temperature. 


C.  Discussion  of  Results 

The  most  Important  result  Is  that  rhenium  is  deleterious  to 
the  strength  Imparted  to  pure  tungsten  by  a  fine  thoria  dispersion 
at  temperatures  exceeding  1700° C.  Two  factors  can  account  for 
this  effect:  (l)  particle  size  distribution,  and  (2)  the  effects 
of  rhenium  on  recrystallization  and  dynamic  recovery. 

1.  As  shown  in  Fig.  47a  for  the  alloy  CBC-2,  which  is  repre¬ 
sentative  of  all  the  CBC  alloys,  the  particle  distribution  is 
rather  coarse.  In  contrast,  the  alloy  ThDl-J/Re-?  was  prepared 
from  ThDW-2  (known  to  contain  a  fine  dispersion)  and  exhibits  a 
much  finer  dispersion  (Fig.  47b)  than  the  CBC  alloys.  The  finer 
dispersion  of  the  latter  alloy  is  also  indicated  from  Its  much 
higher  strength  at  1500°C  (Fig.  44).  In  fact,  with  the  excep¬ 
tion  of  ThDW-1,  this  alloy  had  the  highest  tensile  strength 
(53,100  PSI)  of  all  alloys  tested  at  1500°C.  It  can  thus  ce 
said  that  ThDYJ/Re-2  has  a  fine  dispersion  which,  however.  Is 
rendered  ineffective  by  rhenium  at  high  temperatures  (5600  PSI 
vs.  16000  PSI  of  the  best  W-Th02  alloy). 

2.  The  W-Re  and  W-Re-ThO^  alloys,  as  distinct  from  the  Y.'-ThQ? 
alloys,  completely  recrystallize  when  annealed  at  2400°C  for 

1/2  hour,  whereas  only  recovery  occurs  In  the  V'-ThC£  alloys. 

This  essentially  equiaxed  structure  Is  shown  In  Figs.  48a  and 
48b  for  CBC-2  and  TnDW/Re-2.  Micrographs  of  gage  sections  of 
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rographs  of  7/-Re-Th02  Alloys  -  Top:  After  Annealing  at  2400°C  for 


the  same  alloys  tested  to  fracture  at  1500°C  are  reproduced  In 
Figs.  48a  and  48d.  Thi3  comparison  clearly  shows  that  the 
structure  morphology  has  not  unanged  and  the  grain  size  3s  the 
same  as  or  larger  than  that  of  the  recrystallised  materials. 

The  main  factor,  therefore,  by  which  rhenium  suppresses  the 
high  temperature  strength  is  via  its  effect  on  promoting  re¬ 
crystallization  and  dynamic  recovery  by  increasing  the  mobility 
of  grain  boundaries  in  the^e  alloys. 

This  is  corroborated  by  the  stress-strain  behavior  of  the 
■higher  strength  V;-Re  and  YZ-Re-ThOp  alloys  (Fig.  49),  which  shows 
that  a  dynamic  recovery  type  mechanism  is  active.  In  this  case, 
as  previously  noted  (37),  the  negative  slope  of  the  stress-strain 
curves  after  small  strains  is  not  the  result  of  plastic  instability 


IV.  SUMMARY 


This  report  marks  the  end  of  an  extended,  and  successful 
effort  aimed  at  developing  a  dispersed  second  phase  alloy  of 
tungsten  with  superior  strength  properties  in  the  temperature 
range  3300  to  5[5QQPF.  In  the  course  of  thi.s  effort,  many  dis¬ 
parate  approaches  have  been  attempted  and  many  hypotheses  have 
been  confirmed  or  disproven.  It  is  thus  only  appropriate  that 
the  work  be  reviewed,  the  achievements  be  put  into  proper  per¬ 
spective,  and  guidance  be  given  to  further  endeavors  in  this 
field. 


The  highest  strength  dispersed  second  phase  alloy  developed 
in  all  this  work*  is  the  alloy  W-3.8  v/o  Th02  (ThDW-WHS).  Its 
development  has  been  closely  paralleled  by  the  concurrent  devel¬ 
opment  of  high  temperature  testing  facilities,  hot  compaction 
methods,  extrusion  techniques,  and  electron  metallography,  in 
very  early  work  (2,  3)  an  alloy  of  this  same  composition  was 
investigated  together  with  other  dispersed  second  phase  alloys 
Of  tungsten  (Y.’-ZrOg,  VMIfOp,  W-S102,  VI-TaC,  VJ-NbC,  V.'-V.’B,  V.'-V.'pE 
and  VJ-BijC).  Testing  was  then  conducted  up  to  3CCQ°F  and  evalu¬ 
ation  was  primarily  performed  by  optical  microscopy.  The  ten¬ 
sile  test  results  favored  this  W-ThOp  alloy  and  a  YJ-TaC  alloy 
over  all  the  other  alloys.  The  >1-0.38  v/o  TaC  alloy  was  later 
found  to  lose  its  strength  advantage  at  temperatures  above 
3500°F  because  of  instability  of  the  TaC  second  phase. 

Considering  the  YJ -ThOp  alloy  system,  the  opinion  prevailed 
that  high  strength  at  high  temperatures  could  be  achieved  if 
only  a  fine  enough  thorla  dispersion  could  be  retained  through 
processing  into  the  worked  alloy.  At  that  stage,  the  Y.1  -ThOo 
alloy  showed  its  best  properties  when  it  was  prepared  by  slurry¬ 
ing  UO3  with  a  Th(N0-,-;)ij  solution,  followed  by  firing  in  air  at 
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800°C,  and,  subsequently,  by  reduction  to  metal  powder  in  Hg. 

Tensile  properties  at  300Q°F  are  summarized  in  Table  21  for 
this  alloy  as  vjcII  as  for  other  W-ThOo  alloys  made  by  other 
methods  under  these  programs.  A  similar  alloy,  the  second 
alloy  listed  in  Table  21,  made  by  a  co-precipitation  technique 
outlined  in  Table  21  had  lower  tensile  strength.  In  a  subse¬ 
quent  approach,  a  VI -1.9  v/o  ThOj  alloy  was  prepared  by  dry 
blending  of  WO3  powder  with  submicron  size  thoria  powder  pur¬ 
chased  from  the  Vitro  Company,  but  this  alloy  had  strength 
properties  which  were  barely  better  than  those  of  pure  tung¬ 
sten. 

The  hypothesis  was  then  advanced  that  the  failure  to 
realize  strength  levels  in  the  W-TI1O2  system,  theoretically 
predicted  by  the  simple  Orowan  equation,  was  the  result  of 
agglomeration  of  the  second  phase  during  consolidation  be¬ 
cause  of  the  high  temperatures  used  in  self-resistance  sin¬ 
tering.  With  this  in  mind,  another  alloy,  VI- 3.8  v/o  ThOp 
(#4,  Table  21),  was  consolidated  by  hot  pressing  instead  of 
self -resistance  sintering  and  was  worked  first  by  extruding 
Instead  of  swaging.  Its  properties  in  the  extruded  condition 
were  still  not  satisfactory;  however,  considering  the  rela¬ 
tively  unworked  state  of  the  alloy,  they  were  encouraging. 

Still  working  on  this  hypothesis,  a  new  program  was  initiated 
which  encompassed  the  screening  of  11  alloy  systems,  includ¬ 
ing  YI-ThOp.  All  alloys  were  made  by  milling  (which  had  shown 
promise  for  ultrafine  comminution)  and  hot  compaction  with 
Dynapak  extrusion  as  the  breakdown  method.  Again,  the  YI-Th02 
alloy  (No.  5)  exhibited  the  best  propei'ties  of  all  the  alloys 
screened  from  the  combined  standpoints  of  high  temperature 
strength  and  fabricability .  However,  electron  microscopy, 
employed  extensively  by  this  time,  revealed  that  hot  com¬ 
paction  did  not  prevent  agglomeration  from  occurring  and  the 
present  work  has,  in  fact,  shown  that  the  method  of  consoli¬ 
dation  is  of  secondary  importance. 

The  results  from  the  screening  program  encouraged  another 
attempt  to  produce  a  superior  W-Th02  alloy,  but  this  time  with 
primary  emphasis  on  chemical  techniques  of  powder  preparation. 

The  program  evolved  along  this  line  has  culminated  in  the  de¬ 
velopment  of  a  very  high  strength  W-3.8  v/o  ThC>2  alloy  (#7  in 
Table  21),  now  available  in  rod  form.  The  tensile  properties 
of  this  alloy  combined  with  Information  on  particle  size  and 
interparticle  spacing  obtained  by  electron  microscopy  have 
demonstrated  that  dispersion  strengthening  of  tungsten  at  ex¬ 
tremely  high  temperatures  (4000-5000°F)  is  now  a  reality.  t 

When  better  fabricability  is  desired,  this  can  be  achieved 
by  reducing  the  ThOg  concentration  of  the  alloy  (Alloy  //6, 

Table  21),  yet  the  strength  properties  are  still  significantly 
improved  over  those  of  pure  tungsten. 
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Evolution  oi‘  a  Hlp;h  Strength  W-Th02  Alloy 
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The  key  to  the  ultimate  strengthening  obtained  in  this  alloy 
is  deduced  to  be  the  requirement  that  the  tung-  ten  oxide  parti¬ 
cles  must  have  a  high  degree  of  porosity  for  the  Th (1103)4  solu¬ 
tion  to  be  absorbed  in  an  effective  fashion.  In  the  subsequent 
Hu  reduction,  the  thoria  which  forms  is  either  tightly  embedded 
on  the  surface  or  occluded  In  the  tungsten  particles. 

This  deduction  is  supported  by  two  facts:  (l)  concentrations 
3^*4  v/o  of  thoria  do  not  significantly  improve  the  strength  of 
this  alloy  and  (2)  clusters  of  discrete  particles  in  the  size 
range  50-5008.  which  are  rove  a  .ed  by  electron  microscopy  cannot 
be  conceived  to  arise  in  any  other  fashion  In  view  of  the  par¬ 
ticle  size  of  the  oxide  pov.'der  (o^20jji.).  A  similar  concentration 
effect  ha3  been  observed  in  the  Ni-Th02  system  (33)  where  thoria 
concentrations > 4  v/o  do  not  add  measurably  to  strengthening. 
Thoria  -which  has  not  been  absorbed  by  the  oxide  particles  is 
likely  to  agglomerate  because  of  its  higher  mobility  during  the 
drying  process  and  possibly  in  subsequent  processing  steps,  par¬ 
ticularly  consolidation.  Impurities  may  accelerate  this  process. 

The  exceptional  properties  pf  ThDW-WHS  as  a  function  of  work¬ 
ing  variables  have  only  been  explored  to  a  limited  extent  in  the 
present  work.  Certainly,  thermo-mechanical  history  as  a  variable 
still  needs  to  be  Investigated  and  fabrication  Into  sheet,  rather 
than  rod,  is  essential  to  exploit  the  alloy  for  practical  appli¬ 
cation.  Two  approaches  suggest  themselves  for  a  3heet  rolling 
program : 

(1)  Roll  from  self -resistance  sintered  (1/2  x  1-1/2" 
cross  section)  and  forged  bars. 

(2)  Roll  sheet  bars  extruded  from  either  hydrostati¬ 
cally  compacted  and  sintered  billets  or  hot  pressed 
billets. 


In  both  of  these  approaches,  considerable  effort  will  be  de¬ 
manded  to  optimize  properties  as  a  function  of  working  schedule. 


Any  advantage  which  appeared  to  be  possible  by  the  addition 
of  rhenium  has  been  negated  by  this  work.  Although  rhenium  can 
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W-ThOp  system,  the  I033  in  high  temperature  strength  defeats 
the  objective  of  this  effort.  Further-more,  it  Is  yet  to  be  re¬ 
solved  v.’hether  or  not  the  best  ductility  has  been  achieved,  in 
the  v;-3.8  v/o  ThOp  alloy.  The  fundamental  ramifications  of 
these  findings  have  broader  significance  and  should  be  studied. 
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The  mechanical  properties  of  a  W-3.8  v/o  Th(£  alloy  with  superior 
high  temperature  tensile  and  creep  strength  have  been  determined  from 

room  temperature  co  3000°C.  This  alloy  has  been  produced  by  two  sep¬ 
arate  techniques  in  rod  form.  The  alloy  has  been  found  to  exhibit  a 

tensile  strength  as  high  a3  15,500  Psi  at  2400° C  and  at  a  strain  rate 

of  0.05  mln“l  and  a  1  hour  creep  rupture  strength  as  high  as  12,500 
PSI  at  2200°C .  The  DBTT  of  this  alloy  annealed  at  2400° C  for  1/2  hr. 
is  190°C. 

Four  experimental  W-5.7  v/o  Tht>2  alloys  have  been  produced  to  in¬ 
vestigate  the  effects  of  chemical  processing  parameters  on  dlspersold 
distribution  and  strength  properties.  The  high  temperature  strength 
properties  have  been  essentially  reproduced  in  alloys  in  which  the 
thorla  dispersion  was  added  to  tungsten  oxide.  In  those  alloys  in 
which  the  thoria  dispersion  was  added  to  the  metal  powder,  the  strong 
Improvements  were  much  smaller. 

A  high  temperature  strength  evaluation  was  also  made  on  W-Re-3-8  v, 
ThC>2  alloys  having  5,  10,  15  and  25  w/o  Re  concentration.  These  alio; 
have  significantly  lower  strength  aoove  2000° C  than  the  ThDW-WHS 
(W-3.8  v/o.Th.02)  alloy. 
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